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Preface 


Tumor development and progression occur as a result of cumulative acquisition of 
genetic alterations affecting oncogenes and tumor suppressor genes. As a consequence 
of these alterations the arising tumor gains some fatal properties such as increased 
cell proliferation and decreased apoptosis, resulting in a net accumulation of trans- 
formed cells. Once a critical volume is achieved, lack of oxygen and nutrients limits 
further growth. To overcome this obstacle, the tumor cells initiate a program focused 
on the formation of new blood vessels within the host tissue. This process is termed 
tumor angiogenesis and contributes to the progression of most solid tumors and the 
formation of metastases. 

Since its discovery more than 30 years ago by Dr. Judah Folkman, tumor angiogen- 
esis has been proposed as an ideal target for novel tumor therapies. Today the first 
anti-angiogenic compounds are available for the treatment of patients but their suc- 
cess in the clinic is rather limited when given as monotherapies. This is in contrast to 
many preclinical results which revealed a much higher efficacy of these therapeutics 
in appropriate animal models. The reasons for this discrepancy are manifold, one 
being the existence of more than one angiogenic signaling system capable of driving 
tumor angiogenesis. Therefore it is no surprise that the inhibition of just one system is 
not sufficient to block the formation of new blood vessels in patients. With these facts 
in mind, novel angiogenic targets have been identified and validated as a basis for the 
development of new anti-angiogenic drugs. 

Because of the complexity of the angiogenic process and the need for novel strategies 
to evaluate anti-angiogenic therapeutics in the clinic, we decided to bring together the 
most renowned researchers and clinicians in this area to review the many facets of the 
problem and to explore modalities by which anti-angiogenic therapies could be made 
more effective for the patients. The message from their contributions is clear: Tumor 
angiogenesis is a very attractive target for novel cancer therapies. However, there are 
still many white areas on the map showing the entire process in human cancer. 

A cooperative effort of researchers and clinicians in both academia and the phar- 
maceutical industry will be needed to fill the white areas with knowledge, to identify 
and validate the crucial targets, and to develop novel strategies to block their activi- 
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ties. Anti-angiogenic therapy is a cornerstone in cancer treatment. Now we have to 
learn how to combine these therapies with other targeted therapies for the greatest 
benefit of the individual patient. 

We express our deepest gratitude to all our colleagues from academia and indus- 
try who have made this book the first comprehensive anthology covering all major 
aspects of tumor angiogenesis and bridging the gap between bench and bedside. 


Freiburg DIETER MARMÉ 
Heidelberg NORBERT FUSENIG 
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Introduction 


An association between cancer and blood vessels 
has been observed for more than a century. These 
reports dealt mainly with angioarchitecture of tu- 
mors, vascular patterns unique to tumors, effects 
of irradiation on tumor vasculature, alteration in 
tumor blood flow, increased vascularity of the 
peripheral shell of tumors, and the delivery of 
intravital dyes and anti-cancer drugs to the tumor 
bed (Thiersch 1865; Goldmann 1907; Thiessen 
1936). In a few reports, experimental tumors 
were transplanted into transparent chambers in 
the mouse or rabbit. In some reports, the tumor 
and the host vascular bed were separated by a 
micropore filter to determine whether a diffusible 
substance was released from tumors that could 
stimulate blood vessel growth (Ide et al. 1939; 
Algire 1943; Algire and Legallais 1947; Toolan 
1951; Greene 1952; Day et al. 1959; Zweifach 1961; 
Gullino and Grantham 1962; Goldacre and Sylvén 
1962; Warner 1964; Greenblatt and Shubik 1968; 
Greenblatt et al 1969; Rubin and Casarett 1966; 
Tannock 1970). For a definitive historical review 
from 1865 to 1970, see Peterson (1979). Further- 
more, surgeons often reported excessive bleeding 
from tumors, and “serpentiginous veins” on the 
surface of tumors. Numerous explanations for 
these findings were offered in the literature. The 
vascularity of tumors was attributed to vasodila- 
tion, inflammation, dying tumor cells, increased 
tumor metabolism, overproduction of lactic acid 
or uric acid, or hypoxia from “tumors outgrowing 
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their blood supply.” There were no molecular me- 
diators of angiogenesis in these reports. One of the 
most common assumptions prior to 1970 was that 
excessive vascularity of tumors was a side effect of 
growing tumors or dying tumor cells. 

In this chapter I have set out to review: (1) the 
original concepts; (2) the development of bioas- 
says; (3) the discovery of the first angiogenesis reg- 
ulatory molecules; and (4) the genetic basis upon 
which modern research in tumor angiogenesis has 
been founded. I briefly outline how these studies 
in tumor angiogenesis evolved to a larger field 
of angiogenesis research and to clinical valida- 
tion. Research in tumor angiogenesis itself is now 
a wide-ranging field described in more than 30 
books and monographs. Angiogenesis inhibitors 
alone are the subject of more than 39,000 reports 
in the scientific literature. The very informative 
chapters in this book describe recent progress and 
new directions in tumor angiogenesis research. 

In 1962, I perfused hemoglobin solutions into 
the carotid artery of rabbit and canine thyroid 
glands isolated in glass chambers during a study 
to develop blood transfusion substitutes for the 
US Navy (Fig. 1.1). When murine melanomas were 
implanted into the glands, tiny tumors grew up 
to ~1 mm’, but did not undergo further expan- 
sion (Folkman et al. 1962, 1963, 1966; Folkman 
and Gimbrone 1971). When these microscopic 
tumors were transplanted to syngeneic mice, the 
tumors grew to more than 1,000 times their origi- 
nal volume in the perfused thyroid gland. Large 
tumors in mice were highly neovascularized, in 
contrast to tumors in the isolated organs, which 
were viable, but not vascularized. This difference 
suggested that in the absence of neovasculariza- 
tion, tumors would stop growing at a volume in 
the range of ~1 mm’, most likely due to the limits 
of oxygen diffusion. 

The hemoglobin solution was acellular; it did 
not contain red cells, leukocytes, or platelets. 
When we subsequently perfused isolated thyroid 
glands with platelet-rich medium, endothelial 
vascular integrity was preserved (Gimbrone et al. 
1969). This result implied that absence of platelets 
was a possible mechanism for lack of neovessels in 


the earlier experiments of thyroid glands perfused 
with hemoglobin solution. Today it is known that 
platelets contain endothelial mitogens and sur- 
vival factors such as bFGF and VEGF (Folkman 
et al. 2001). 


1.1.1 
Hypothesis That Tumor Growth is 
Angiogenesis-dependent 


In 1971 I first published a hypothesis that “tumor 
growth is angiogenesis dependent” (Folkman 1971). 
This paper also: (1) predicted that most tumors 
would be unable to grow beyond a microscopic size 
of 1-2 mm? without recruiting new blood vessels; 
(2) introduced the concept that tumors would be 
found to secrete diffusible angiogenic molecules; 
(3) described a model of tumor dormancy due to 
blocked angiogenesis; (4) proposed the term antian- 
giogenesis to mean the prevention of new capillary 
sprouts from being recruited into an early tumor 
implant; (5) predicted the future discovery of an- 
giogenesis inhibitors; and (6) advanced the idea that 
an antibody to a tumor angiogenic factor (TAF), 
could be an anti-cancer drug. The hypothesis itself 
was formulated not only from the 1962 experiments 
of restricted tumor growth in the absence of neo- 
vascularization in isolated organs, but also from 
experiments completed in my laboratory during 
1971, and a year later. We had demonstrated tumor 
dormancy at a microscopic size due to blocked an- 
giogenesis of tumors in the aqueous humor of the 
anterior chamber of the rabbit eye (Gimbrone et al. 
1972). We also had demonstrated DNA synthesis by 
autoradiography, induced in endothelial cells of a 
tumor bed in vivo (Cavallo et al. 1972). The concept 
that tumor growth is angiogenesis-dependent was 
extended and supported in subsequent invited re- 
views (Folkman 1974a, 1974b, 1975, 1978; Folkman 
et al. 1974; Brem et al. 1975; Folkman and Gimbrone 
1975; Folkman and Klagsbrun 1975; Folkman and 
Cotran 1976). 

It has been stated that the 1971 New England Jour- 
nal of Medicine paper initiated the field of angio- 
genesis research (Folkman 1971). However, this field 
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Transplant 


Fig. 1.1a-d. Perfusion of isolated canine thyroid gland through the carotid artery with hemoglobin solution. a The perfu- 
sion circuit includes a silicone rubber oxygenator and a roller pump with silicone rubber tubing. b Transilluminated canine 
thyroid gland in the perfusion chamber, containing a transplanted murine melanoma that grew to ~1 mm? and stopped 
expanding. c Histologic section of thyroid gland showing viable tumor embedded among viable thyroid follicles. d When 
the tiny, non-expanding tumor was transplanted to a syngeneic mouse, it grew to more than 1000 times its initial volume 
in the perfused thyroid gland. The large tumor in the mouse was highly neovascularized, in contrast to its precursor tumor 
which was not vascularized. The hemoglobin solution was acellular, i.e., it did not contain red cells, leukocytes, or platelets. 
Reprinted from Folkman (2007) with permission of the publisher. Also, see Folkman et al. (1962, 1963) 


was slow to develop. Throughout the 1970s, very few 
scientists believed that tumors needed new blood 
vessels, and there were hardly any papers from other 
investigators (Fig. 1.2) (see also Folkman 2007). The 
conventional wisdom was that tumor vascularity 
was non-specific inflammation. Skeptics challenged 
the hypothesis that tumor growth depended on an- 
giogenesis. Reviewers complained that the conclu- 
sions of the experiments reached beyond the data. 


At the time the hypothesis was published, there were 
no bioassays for angiogenesis, no endothelial cells 
in long-term culture, and no angiogenesis regula- 
tory molecules. During the 1970s, we set out to rem- 
edy these deficiencies so that reagents and methods 
would eventually become available to isolate and 
purify proangiogenic and antiangiogenic factors. 
These advances would be needed to find supporting 
evidence for the beleaguered hypothesis. 
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28,912 papers published on 


angiogenesis from 1971-November 1, 2006 


1.1.2 
Development of Bioassays for 
Angiogenesis Research 


1.1.2.1 
Corneal Neovascularization 


In the early 1970s, a challenging problem was how to 
maintain an in vivo tumor separate from its vascular 
bed in order to prove that tumors secreted diffus- 
ible “angiogenic” molecules. Methods for growing 
tumor implants on micropore filters in transparent 
chambers in animals had become more sophisti- 
cated (Greenblatt and Shubik 1968; Ehrmann and 
Knoth 1968), but it was difficult to rule out the pos- 
sibility that pseudopodia of tumor cells had made 
contact with the underlying vascular bed. Young 
scientists who are beginning angiogenesis research 
today are incredulous at how hard it was in the 1970s 
to convince scientific colleagues that a diffusible 
angiogenic substance existed. Michael Gimbrone, 
a post-doctoral fellow, and I implanted tumors 


Fig. 1.2. Publications 
with “angiogenesis” in 
the title from 1967 to 
November 2006. There 
are almost 29,000 papers 
since the 1971 publica- 
tion in the New England 
Journal of Medicine, 

but very few in the first 
10 years thereafter 


(of approximately 0.5 mm*) into the stromal layers 
of the rabbit cornea at distances of up to 2 mm from 
the limbal edge (Fig. 1.3). New capillary blood ves- 
sels grew from the limbus, invaded the stroma of 
the avascular corneas, and reached the edge of the 
tumor over a period of approximately 8-10 days. 
When tumors were implanted beyond 3 mm from 
the limbus (or in the center of the rabbit cornea, 
which is approximately 12mm in diameter), no 
neovascularization was observed (Gimbrone et al. 
1974a, 1974b). 

Vascularized tumors turned from white to red, 
grew exponentially in three dimensions, and be- 
came exophytic and protruded from the cornea 
within 2-3 weeks. Non-vascularized tumors in the 
center of the cornea expanded slowly in two dimen- 
sions, as thin, flat, translucent, intracorneal lesions 
until one edge extended to within ~2 mm of the 
limbus and recruited new blood vessels (Folkman 
1978), This method demonstrated that a diffusible 
“angiogenic factor” existed, and that such a puta- 
tive angiogenic molecule could possibly be isolated 
from tumors. However, when tumor extracts were 
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Fig. 1.3. AA polymer pellet (~0.5 mm) of ethylene vinyl ac- 
etate copolymer (Elvax) containing basic fibroblast growth 
factor, implanted into an intracorneal pocket of a rabbit 
cornea. All procedures performed under general anesthesia. 
Day 2 after intracorneal implantation. B By day 12, new capil- 
lary blood vessels have grown from the limbal edge of the cor- 
nea between lamellar layers of cornea (not on its surface), and 
have reached the pellet. There is no irritation, inflammation, 
or corneal edema. The rabbits do not notice. The new vessels 
have extended approximately 2.0 mm to reach the edge of the 
pellet. C After a small incision is made over the pellet it is eas- 
ily removed. Then blood vessels undergo complete regression 
by approximately 10 weeks 


implanted into the cornea to mimic a tumor implant, 
the extracts rapidly diffused away into the cornea. A 
focal steady-state concentration gradient of angio- 
genic activity, similar to a tumor implant, could not 
be established. Silicone rubber capsules that we had 
previously found to steadily release small molecules 
(< 500 Da) by diffusion through the polymer itself 
(Folkman and Long 1964), could not release pro- 
teins. 

Robert Langer, a post-doctoral fellow, solved the 
problem. He dissolved the polymer polyhydroxy eth- 
ylmethacrylate (polyhema), into alcohol and added 
lyophilized protein. When the solvent was evapo- 
rated, the protein remained trapped in a rubbery 
polymeric pellet. When the pellet was implanted 
into the cornea, water diffused into the pellet. This 
caused the formation of microchannels around the 
protein. Protein diffused out from these channels at 
zero-order kinetics for weeks to months (Langer and 
Folkman 1976; Brown et al. 1983). Another polymer, 


ethylene vinyl acetate copolymer (Elvax) dissolved 
in ethylene chloride was also used. These polymers 
did not irritate the cornea. Robert Auerbach report- 
ed that the mouse cornea could also be implanted 
with tumors or polymer pellets (Muthukkaruppan 
and Auerbach 1979). This advance permitted genetic 
experiments, and mice are now routinely employed 
for corneal neovascularization bioassays. 

The corneal neovascularization bioassay and the 
method of implanted sustained-release corneal im- 
plants have played an important role in elucidating 
the process of tumor angiogenesis (Fig. 1.4b). 

In 1978, we reported that removal of an angiogen- 
ic stimulus from the cornea resulted in regression of 
neovasculature by a series of sequential morpholog- 
ic events (Ausprunk et al. 1978). This finding dem- 
onstrated that newly induced neovasculature does 
not become “established,” as was the conventional 
wisdom at the time. Regression of corneal neovas- 
cularization also predicted that future angiogenesis 
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inhibitors could possibly cause new blood vessels to 
regress. These results provided a compelling ratio- 
nale for the future attempts to discover angiogenesis 
inhibitors, and for the efforts to develop them. 

These results also helped in the debate with cer- 
tain colleagues who argued that the search for an 
angiogenesis inhibitor was a “fruitless exercise.” 
Lymphangiogenesis was first dissociated from an- 
giogenesis in the cornea; the two processes were 
induced by different concentrations of bFGF, and 
inhibited by different mechanisms (Chang et al. 
2004). 

Recently, corneal avascularity has been shown 
to be due to soluble VEGF receptor-1 (sflt-1), which 
binds VEGF and is highly concentrated in the cornea 
(Ambati et al. 2006). In the cornea, sflt-1 is expressed 
predominantly by corneal epithelium. The corneas 
of corn! mice are deficient in slft-1 and are sponta- 
neously neovascularized (Smith et al. 1996). These 
mice could possibly be used to test antiangiogenic 
activity of systemically administered molecules, or 
to develop a standardized unit of antiangiogenic ac- 
tivity to compare different inhibitors. 


1.1.2.2 
Vascular Endothelial Cells In Vitro 


Before the 1970s, it was thought that vascular endo- 
thelial cells could not survive in vitro, to say nothing 
of their long-term passage. In 1973, Gimbrone in my 
laboratory (Gimbrone et al. 1973, 1974a, 1974b) and 
Eric Jaffe’s laboratory at Cornell (Jaffe et al. 1973), 
were independently the first to report long-term pas- 
sage of vascular endothelial cells (from human um- 
bilical veins) in vitro. The first long-term passage of 
cloned capillary endothelial cells came later and was 
reported in 1979 (Folkman et al. 1979), followed by the 
demonstration of angiogenesis in vitro (Folkman and 
Haudenschild 1980) (Fig. 1.4d). Endothelial cultures 
also facilitated discovery of endothelial mitogens 
and suppressors of endothelial cell proliferation that 
could then be tested in vivo for pro- or antiangiogenic 
activity. However, endothelial cell cultures were still 
not useful for guiding purification of endothelial mi- 
togens until we found that vascular endothelial cells 
become refractory to virtually any mitogen once the 


cells had reached confluence, in contrast to conflu- 
ent fibroblasts, which still responded to mitogens 
(Haudenschild et al. 1976). 

It became clear that vascular endothelial cells 
were among the most stringently regulated cells at 
high cell density. This report deserves emphasis be- 
cause those who are unaware of it today risk being 
misled by their experiments as researchers were 30 
years ago. Until the mid-1970s, it was conventional 
practice to guide the purification of growth factors 
with fibroblast cell cultures. Fibroblasts (3T3 cells) 
were grown to confluence. When a putative growth 
factor was added, one or two additional rounds of 
DNA synthesis ensued. However, when endothelial 
cells were used to guide purification of endothelial 
mitogens, confluent endothelial cells did not undergo 
additional DNA synthesis, and investigators assumed 
that their tumor extracts were inactive. Therefore, it 
was necessary to incubate endothelial cells with a pu- 
tative mitogen when the cells were sparse, not when 
they were confluent - a critical detail - and just the 
opposite of employing 3T3 fibroblasts to purify a mi- 
togen for fibroblasts. 

Changes in cell shape during confluence in vitro 
were later found to be a central mechanism of sup- 
pression of DNA synthesis in endothelial cells (Folk- 
man and Moscona 1978). Shape control of DNA syn- 
thesis (Folkman and Moscona 1978) appears to have 
eluded discovery until the advent of successful in vi- 
tro growth of vascular endothelial cells. This mecha- 
nism was further elucidated by Donald Ingber, who 
showed how changes in cell shape can signal through 
integrins to regulate gene expression and DNA syn- 
thesis. He went on to develop an entirely new field 
of investigation of cell biology based on the mecha- 
nisms by which mechanical forces modify DNA syn- 
thesis and gene expression (Ingber et al. 1987; Ingber 
and Folkman 1989a, 1989b, 1989c; Huang and Ingber 
2005). The experiments of Mina Bissell on cell shape 
and differentiation of function also yielded informa- 
tion on the role of cell shape in cell growth (Bissell et 
al. 1977). 

When angiogenesis in vitro was demonstrated 
(Folkman and Haudenschild 1980) it became possible 
to elucidate the morphologic and molecular events of 
lumen formation in microvessels (Kuo et al. 2001). 
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Shell-less chick embryo: 
Choriallantoic membrane 


— p 


1974 Devel Biology, 41:391 


Cloned capillary endothelial cells 


1973 Series Haematol 6:453, 1979 Proc Natl Acad Sci 76:5217 


1) Cornea micropocket and 
2) Sustained release polymers 


1974 JNCI, 52:514, 1976 Nature, 236:797 


Angiogenesis in vito 


1980 Nature, 288:551 


Fig. 1.4a-d. Bioassays for angiogenesis developed during the 1970s. a The chick embryo chorioallantoic membrane. b Cor- 
neal neovascularization stimulated by an implanted polymer releasing an angiogenic protein. c Capillary endothelial cells 


in vitro. d Angiogenesis in vitro 


The development of the shell-less chick embryo 
that could be routinely cultured in large numbers 
from day 3 to at least day 18 permitted the growing 
chorioallantoic membrane to be employed as a vas- 
cularized substrate to test antiangiogenic and an- 
giogenic molecules, starting from day 5 (Auerbach 
et al. 1974; Ausprunk et al. 1974) (Fig. 1.4a). It was 
demonstrated that normal and neoplastic tissues 
had quantitatively different mechanisms of vascu- 


larization after being grafted to the chorioallantoic 
membrane (Ausprunk et al. 1975). Therefore, 7 years 
before angiogenic molecules were discovered, these 
experiments showed that the angiogenic activity 
of tumor tissue was significantly greater than that 
of equivalent normal tissue. Today, this difference 
is understood in part by the ratio of expression or 
generation of pro- and antiangiogenic proteins by a 
tumor. 
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Ribatti et al. improved the chick chorioallantoic 
membrane bioassay (Ribatti et al. 1997a), and also 
studied the modification of angiogenesis on the 
chorioallantoic membrane, by heparin (Ribatti et 
al. 1995), bFGF (Ribatti et al. 1997b), and interferon 
alpha (Ribatti et al. 2002). Nguyen and Folkman 
(Nguyen et al. 1994), converted the chick chorioal- 
lantoic membrane to a quantitative angiogenesis 
bioassay by implanting the test protein in a white 
opaque gel sandwiched between two squares of ny- 
lon mesh. New microvessel sprouts grew vertically 
through the mesh. When separate sprouts protrud- 
ed vertically through the mesh and anastomosed to 
form a capillary loop enveloping a nylon thread, this 
was compelling proof that the microvessels were 
new (and not just dilated vessels). They could be ac- 
curately quantified by the ratio of squares of mesh 
containing a microvessel to empty squares of mesh. 

The chick embryo chorioallantoic membrane 
also made it possible to dissociate the early pre-an- 
giogenic phase of tumor growth from the angiogenic 
growth phase (Knighton et al. 1977). This evidence 
further supported the concept that tumor growth 
was restricted in the absence of angiogenesis. 

For recent reviews of in vivo models of angiogen- 
esis see Murray (2001) and Norrby (2006). 


1.1.3 
Discovery of Angiogenic Molecules 


It first became possible to isolate angiogenic mol- 
ecules when the chick embryo chorioallantoic mem- 
brane was employed together with bioassays based 
on endothelial cell migration and proliferation in 
vitro, and with corneal neovascularization in vivo. 
At best, these were semiquantitative bioassays, but 
served the purpose of isolating and purifying an- 
giogenic proteins. 

In 1984, Yuen Shing and Michael Klagsbrun in my 
laboratory employed heparin-affinity chromatogra- 
phy to isolate and purify to homogeneity the first 
angiogenic endothelial cell mitogen from a tumor 
(Shing et al. 1984, 1985; Folkman and Klagsbrun 
1987). When this protein was subsequently purified 
from bovine pituitary and sequenced by Esch et al. 


@ 


(1985), it proved to be basic fibroblast growth fac- 
tor (bFGF). FGF had previously been isolated from 
the pituitary by Gospodarowicz and shown to be 
mitogenic for 3T3 fibroblasts and for vascular en- 
dothelial cells (Gospodarowicz 1974). It was also a 
survival factor for these cells (Gospodarowicz 1974; 
Gospodarowicz et al. 1976), but had not been com- 
pletely purified. 

By 1989, Rosalind Rosenthal in my laboratory had 
isolated and purified to homogeneity a second an- 
giogenic protein from a different tumor that did not 
express bFGF. We had not yet sequenced this new 
protein, when we received a call from Napoleone 
Ferrara of Genentech, who had purified a novel an- 
giogenic protein from pituitary cells. He had heard 
about the new angiogenic protein in our lab, and 
suggested that the two labs compare their proteins 
because Ferrara had already sequenced his protein. 
The two proteins were identical, and were named 
vascular endothelial growth factor (VEGF) by Fer- 
rara. Ferrara’s report was published in mid-1989 
(Ferrara and Henzel 1989), and our paper reporting 
the first VEGF from a tumor was published in 1990, 
with Ferrara as a co-author (Rosenthal et al. 1990). 
In 1983, Senger and Dvorak had purified a vascular 
permeability factor (VPF) from tumor cells that pro- 
moted accumulation of ascites (Senger et al. 1983). 
By 1990, it was clear that VPF was also the same as 
VEGF. Thus, VEGF had an auspicious start, having 
been purified from three different sources, but first 
sequenced in Ferrara’s laboratory. 

Many other proangiogenic molecules have since 
been discovered and are discussed by other authors 
in this book. Recently, Klagsbrun discovered that 
neuropilin-1 is another receptor for VEGF and stim- 
ulates angiogenesis (Miao et al. 2000). 


1.1.3.1 
Storage of an Angiogenic Protein in 
Extracellular Matrix 


In 1987, Israel Vlodavsky, Klagsbrun and Folkman 
reported that bFGF was stored in extracellular ma- 
trix, where it was bound to heparan sulfate pro- 
teoglycans (Vlodavsky et al. 1987; Folkman et al. 
1988). This finding opened a new avenue of research. 


Angiogenesis regulatory proteins were sequestered 
in extracellular matrix and basement membrane, 
where they were protected from degradation by their 
heparin affinity. This storage mechanism prevented 
endothelial cells in the vasculature from overexpo- 
sure to these biologically active molecules. Because 
angiogenic molecules could be released at a site of 
extracellular membrane disruption, this provided 
a mechanism by which angiogenic activity was lo- 
calized to a wound site. Angiogenesis regulatory 
proteins were also releasable by heparitinase and 
additionally by heparin-like molecules (Bashkin et 
al. 1989). Of interest is that Descemet’s membrane 
in the cornea contains a high concentration of bFGF 
(Folkman et al. 1988). 


1.1.4 
Discovery of Angiogenesis Inhibitors 


Throughout the 1970s, evidence that tumors were 
angiogenesis-dependent was based almost solely on 
blocking angiogenesis by mechanical separation of 
tumors from their nearest vascular bed. More com- 
pelling evidence would depend on pharmacologic 
blockade of angiogenesis. By 1980, the availability of 
bioassays and of angiogenic proteins facilitated the 
search for molecules with antiangiogenic activity. 

Bruce Zetter in the Folkman lab reported that very 
lowconcentrations of interferon alpha specifically sup- 
pressed migration of endothelial cells in vitro (Brouty- 
Boye and Zetter 1980). Dvorak and Gresser (1989) and 
also Sidky and Borden (1987) then reported that in- 
terferon alpha inhibited angiogenesis in experimental 
animals. In 1988, I received a call from Carl White, a 
pulmonary specialist at Denver Jewish Hospital who 
was caring for a teenager who had progressive heman- 
giomatosis of both lungs and hemoptysis. The patient 
had failed all therapy for this disease, which up to that 
time was fatal. 

I suggested a trial of frequent low-dose interferon 
alpha, based on our experimental elucidation ofits an- 
tiendothelial properties and its antiangiogenic activ- 
ity in animals (Dvorak and Gresser 1989), and because 
of its FDA approval. With very low doses of interferon 
alpha every second day, the patient made a complete 
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recovery after several months and was treated for an 
additional 5 years (by subcutaneous self-injection), 
while he completed his education (White et al. 1989; 
Folkman 1989). He has a normal chest film and is in 
good health today, 18 years later. This is the first re- 
corded case of antiangiogenic therapy. It was subse- 
quently found in other patients that these low doses 
are antiangiogenic, but are neither cytotoxic nor im- 
munosuppressive. 

Stephanie Taylor and I showed that two antagonists 
of heparin, protamine and platelet factor 4, blocked 
angiogenesis in the chick embryo and produced dose- 
dependent avascular zones in the growing chorioal- 
lantoic membrane (Taylor and Folkman 1982). 

Until the early 1980s, corticosteroids were classi- 
fied as either glucocorticoid or mineralocorticoid. 
With Rosa Crum and Sandor Szabo, we discovered a 
third class of steroids, named “angiostatic steroids” 
(Crum et al. 1985). The most potent of these was tet- 
rahydrocortisol, a pure angiogenesis inhibitor that 
had no glucocorticoid or mineralocorticoid activity. 
(Tetrahydrocortisol is currently in phase III clinical 
trials for the treatment of macular degeneration). In 
studies of the mechanism of action of angiostatic ste- 
roids, we found that they were potentiated by an aryl- 
sulfatase inhibitor (synthesized by Professor E.J. Co- 
rey), that inhibited desulfation of endogenous heparin 
(Chen et al. 1988). In 1994, after Fotsis et al. reported 
that the steroid 2-methoxyestradiol inhibited angio- 
genesis (Fotsis et al. 1994), Robert D’Amato in my lab 
reported that this angiostatic steroid inhibited tubu- 
lin polymerization by interacting at the colchicine site 
(D’Amato et al. 1994). 

Eleven angiogenesis inhibitors were discovered 
in the Folkman laboratory (Table 1.1). Five of them 
were previously unknown molecules (i.e., TNP-470 [a 
synthetic analogue of fumagillin], angiostatin, end- 
ostatin, caplostatin, and cleaved antithrombin III). Of 
the known molecules in which antiangiogenic activity 
was a new function (i.e., platelet factor 4, interferon 
alpha, etc.), eight are endogenous angiogenesis inhibi- 
tors in the blood or in extracellular matrix. Many other 
laboratories joined this research effort (Auerbach and 
Auerbach 1994), and at the time of writing there are 28 
known endogenous angiogenesis inhibitors (Folkman 
2004; Nyberg et al. 2005). 
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1.1.4.1 
Angiostatin and Endostatin: Their Role in Suppres- 
sion of Metastasis by a Primary Tumor 


Angiostatin (O’Reilly et al. 1994) and endostatin 
(O’Reilly et al. 1997; Roehm et al. 1997), are the first 
endogenous angiogenesis inhibitors found to be 
internal fragments of larger proteins which them- 
selves do not regulate angiogenesis. Surgeons had 
long observed that the removal of certain primary 
tumors was followed by rapid growth of metastases 
at remote sites. This phenomenon was assumed to 
be due to release of tumor cells into the circulation 
during surgical removal of the primary tumor. This 
explanation, however, was inconsistent with the 


explosive growth of metastasis after removal of a 
primary tumor in humans and animals. An alterna- 
tive hypothesis, that a primary tumor could suppress 
its remote metastasis, seemed counterintuitive, until 
the discovery that certain tumors could enzymati- 
cally cleave angiostatin (O’Reilly et al. 1994) from 
plasminogen, or endostatin from collagen XVIII 
(O’Reilly et al. 1997; Boehm et al. 1997). Expression 
of proangiogenic proteins, such as VEGF, within 
the primary tumor exceeded the generation of an- 
tiangiogenic proteins such as angiostatin or end- 
ostatin, resulting in vascularization and growth of 
the primary tumor (Roy et al. 2004; Cao et al. 1998). 
However, the angiogenesis inhibitors accumulate 
in the circulation because of their longer half-life. 


Table 1.1. Molecules with antiangiogenic activity published from the Folkman laboratory 


between 1980 and 2005 


Brouty-Boye and Zetter 1980 
Taylor and Folkman 1982 
Crum et al. (Folkman) 1985 
Ingber et al. (Folkman) 1990 
O'Reilly et al. (Folkman) 1994 
D’Amato et al. (Folkman) 1994 
D’Amato et al. (Folkman) 1994 
O'Reilly et al. (Folkman) 1997 
O’Reilly et al. (Folkman) 1999 
Lentzsch et al. (D'Amato) 2002 
Kisker et al. 2003 


Year Molecule(s) Reference 
1980 Interferon a/B, new activity 

1982 Platelet factor 4, protamine 

1985 Angiostatic steroids 

1990 TNP-470, a fumagillin analogue 
1994 Angiostatin 

1994 Thalidomide 

1994 2-Methoxyestradiol (see footnote) 
1997 Endostatin 

1999 Cleaved antithrombin III 

2002 3-Amino thalidomide 

2003 DBP-maf (see footnote) 

2005 Caplostatin 


Satchi-Fainaro et al. (Folkman) 2005 


Ten of these molecules were discovered either as new molecules (e.g., angiostatin and endostatin), 
or as new functions of known molecules (e.g., interferon alpha and the angiostatic steroid tetra- 
hydrocortisol). 2-Methoxyestradiol was first found to be an angiogenesis inhibitor by Fotsis et 
al. (1994). Subsequently, D’Amato et al. (1994) reported its mechanism as an inhibitor of tubulin 
polymerization by acting at the colchicine site. DBP-maf was first discovered by Yamamoto and 
Kumashiro (2003) and found to be an angiogenesis inhibitor by Kisker et al. (2003). Eight of these 
are endogenous angiogenesis inhibitors (interferon alpha, platelet factor 4, angiostatic steroids 
(including 2-methoxyestradiol and tetrahydrocortisol), angiostatin, endostatin, cleaved antithrom- 
bin III, and DBP-maf (vitamin D binding protein-macrophage activating factor). (From Folkman 


J, Nature Reviews Drug Discovery 2007) 
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Removal of the primary tumor leads to a decrease in 
circulating inhibitor, over a period of about a week, 
as revealed by incubations of proliferating endothe- 
lial cells with serum samples taken each day after 
removal of the primary tumor (O’Reilly et al. 1994; 
Cao et al. 1998). Microscopic metastases become 
angiogenic and begin rapid growth within 4-5 days 
after removal of the primary tumor (Holmgren et 
al. 1995). Systemic replacement of the angiogenesis 
inhibitor lost after removal of the primary tumor, or 
after its regression by ionizing irradiation, prevents 
growth of remote metastases (Camphausen et al. 
2001). Kalluri et al. have discovered other endog- 
enous angiogenesis inhibitors that are internal frag- 
ments of collagens (Kamphaus et al. 2000; Hamano 
and Kalluri 2005). 


1.1.5 
The Switch to the Angiogenic Phenotype 


Douglas Hanahan and I found that spontaneous 
murine tumors arising in his transgenic mice first 
appeared in a non-angiogenic state at a microscopic 
size of less than 1-2 mm}. A small percentage (~10%) 
then switched to the angiogenic phenotype after a 
predictable time period (for example 6-7 weeks af- 
ter birth for transgenic islet cell carcinomas) (Ha- 
nahan and Folkman 1996). The angiogenic tumors 
recruited new blood vessels and underwent rapid ex- 
pansion of tumor mass. Subsequent studies revealed 
that the angiogenic switch resulted from a change in 
the net balance of positive and negative regulators of 
angiogenesis, i.e., increased expression of VEGF and 
other proangiogenic proteins accompanied by de- 
creased expression of thrombospondin-1 and other 
antiangiogenic proteins. 


1.1.5.1 
The Angiogenic Switch in Human Tumors in Immu- 
nodeficient Mice 


A similar switch to the angiogenic phenotype has 
been demonstrated in human cancers transplanted 
to SCID immunodeficient mice (Achilles et al. 2001; 
Udagawa et al. 2002; Almog et al. 2006; Naumov et al. 


2006a, 2006b). Non-angiogenic and angiogenic tu- 
mor cells were cloned from human cancers obtained 
from discarded tumor specimens in the operating 
room, or from the American Tissue Culture Col- 
lection. These cells form either non-angiogenic or 
angiogenic tumors when injected subcutaneously, or 
into orthotopic sites such as the mammary fat pad in 
mice. Non-angiogenic tumors remain dormant at a 
microscopic size of less than 1 mm?°. They do not re- 
cruit blood vessels. The angiogenic tumors become 
highly neovascularized and grow rapidly. Non-an- 
giogenic tumor cells proliferate at approximately the 
same rate as angiogenic tumor cells. In contrast, the 
apoptotic rate of tumor cells in the non-angiogenic 
tumors is significantly higher than that of tumor 
cells in angiogenic tumors. The non-angiogenic tu- 
mors remain at a microscopic size for a predictable 
period of time (from months to over a year), before 
switching to the angiogenic phenotype. The switch 
itself can be accurately quantified by biolumines- 
cence if the tumor cells are infected with luciferase. 
For example, 95% of non-angiogenic human lipo- 
sarcomas reproducibly switched to the angiogenic 
phenotype at a median of ~133 days + 2 weeks (Al- 
mog et al. 2006). In contrast, approximately 60% 
of human breast cancers became angiogenic at a 
median of 80 days. A human osteogenic tumor did 
not switch to the angiogenic phenotype for more 
than a year, and then only 5% of tumors become 
angiogenic (Udagawa et al. 2002). 

The initiating events that drive the angiogenic 
switch are unknown. However, a predictable, re- 
producible animal model now exists. Preliminary 
data have begun to fill in pieces of the puzzle. The 
angiogenic switch can be significantly accelerated 
by transfecting non-angiogenic human tumor cells 
with Ras (Udagawa et al. 2002). This induces a 38% 
increase in VEGF expression, and a 50% suppres- 
sion of thrombospondin-1 expression within ap- 
proximately 1 week in a human osteogenic sarcoma 
that in the absence of Ras transfection would not 
become angiogenic spontaneously for more than a 
year (Udagawa et al. 2002). Analyses of gene expres- 
sions before and after the angiogenic switch are un- 
der way for five different human cancers. At the time 
of writing, the mechanism of the angiogenic switch 
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in human cancer is unknown. If it were understood 
how to prevent or reverse the angiogenic switch, this 
could become a novel conceptual advance in con- 
trolling cancer. 


1.1.6 
U-shaped Dose-Efficacy Curve of 
Angiogenesis Inhibitors 


Singh et al., in Isaiah Fidler’s laboratory, first reported 
that low-dose interferon alpha inhibits angiogenesis 
by suppressing expression of bFGF from human can- 
cer cells (Singh et al. 1995). Fidler and his associates 
further showed that dose-efficacy of the antiangio- 
genic activity of interferon alpha could be expressed 
as a biphasic curve that was U-shaped (Slaton et al. 
1999). Higher doses are less effective than low doses 
(Fig. 1.5a). 

Since these reports, other angiogenesis inhibitors 
have also shown a biphasic, U-shaped dose-response 
curve in experimental tumor models. These include 
rosiglitazone (Panigrahy et al. 2002), endostatin pro- 
tein therapy (Celik et al. 2005) (Fig. 1.5b), and end- 
ostatin gene therapy (Tjin Tham Sjin et al. 2006). In 
fact, when endothelial cells are incubated in vitro with 
endostatin at increasing concentrations, gene expres- 
sions also reveal a U-shape (Abdollahi et al. 2004). 
Furthermore, anti-cancer cytotoxic chemotherapy, 
administered at frequent low doses, is more effective 
in tumor-bearing mice than high doses of chemother- 
apy administered less frequently. Low-dose frequent 
chemotherapy, also called ‘antiangiogenic therapy’ or 
‘metronomic therapy,’ is more effective against mouse 
tumors that have become resistant to high-dose che- 
motherapy (Browder et al. 2000; Klement et al. 2000; 
Hanahan et al. 2000). 

Conventional cytotoxic chemotherapy is generally 
administered on a linear dose-efficacy curve and is 
guided by the concept of “maximum tolerated dose.” 
In contrast, if the experimental finding of a biphasic 
dose-response curve for angiogenesis inhibitors is val- 
idated in the clinic in the future, “maximum tolerated 
dose” (MTD) may become less useful for administer- 
ing antiangiogenic therapy, and specific biomarkers of 
antiangiogenic activity may become more useful. 


The mechanism of the biphasic response of vascu- 
lar endothelium to different angiogenesis inhibitors is 
unclear, but its physiological function may be, in part, 
to protect vascular endothelium from surges in plasma 
concentrations of endothelial regulatory molecules. 


1.1.7 
The Platelet Angiogenesis Proteome 


Platelets may also function as a circulating storage de- 
pot that protects vascular endothelium from surges in 
plasma concentrations of angiogenesis regulatory mol- 
ecules. Platelets have been reported to be associated 
with both positive and negative regulators of angio- 
genesis (Folkman et al. 2001). Klement et al. reported 
that platelets can continuously scavenge angiogenesis 
regulatory molecules from plasma and sequester them 
within the alpha granules of platelets (Klement et al. 
2004, 2006). Angiogenesis regulatory proteins seques- 
tered by platelets are not completely released into se- 
rum during coagulation. Therefore, serum levels of 
angiogenesis regulatory proteins may not reflect the 
total content of these proteins in the blood. For exam- 
ple, Avastin (bevacizumab) administered to patients is 
taken up by platelets, where it binds VEGF and neutral- 
izes its angiogenic activity (Verheul et al. 2006). 

This new platelet biology also explains why phar- 
macodynamics of an angiogenic protein such as VEGF 
based only on serum may not always correlate with the 
burden of cancer in a patient. Furthermore, platelets 
exclude many other proteins, such as albumin, even 
though some of these proteins are more concentrated 
in plasma. Italiano et al, recently made the surprising 
discovery that proangiogenic proteins are contained 
together in one set of alpha granules and antiangio- 
genic proteins are contained in a different set of alpha 
granules (Italiano et al. 2006), Furthermore, the angio- 
genesis regulatory molecules that are segregated into 
two types of alpha granules in platelets may be released 
separately. 

In preliminary studies, Klement et al. showed that 
platelets can scavenge angiogenesis regulatory pro- 
teins that are released into plasma from microscopic 
human tumors in SCID mice (Klement et al. 2004, 
2006). 
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Low dose interferon alpha is better than high dose 
for anti-angiogenic therapy of human bladder 
cancer in the bladder of nude mice 
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Fig. 1.5. a The interferon alpha suppression of bFGF expression by a human bladder cancer is revealed as a biphasic, U- 
shaped dose-efficacy curve. As a result, inhibition of tumor growth (tumor volume) and of microvessel density in the tu- 
mor are also U-shaped (adapted from Slaton et al. 1999). b A similar biphasic, U-shaped curve of efficacy is revealed when 
endostatin is administered systemically to SCID immunodeficient mice bearing human pancreatic cancer (from Celik et 
al, 2005) 
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1.1.8 
Genetic Regulation of Angiogenesis 


Soon after proangiogenic and antiangiogenic pro- 
teins were discovered, genes that regulate these 
proteins began to be elucidated. The genetic regu- 
lation of angiogenesis is itself a burgeoning field 
that can only briefly be discussed here. However, 
certain fundamental early reports deserve men- 
tion. Arbiser et al. immortalized vascular endo- 
thelial cells by transfection with the SV-40 large T 
oncogene (Arbiser et al. 1997). These cells formed 
microscopic, dormant, non-angiogenic tumors in 
vivo, but were not lethal to their host mice. After a 
second transfection, with the H-ras oncogene, the 
tumors became angiogenic, grew rapidly as angio- 
sarcomas, and metastases killed the mice. This ex- 
periment, 10 years ago, revealed that the switch to 
the angiogenic phenotype, for at least one tumor 
type, was controlled by sequential transfection of 
two different oncogenes. 

Rak et al. (2000) reported the sets of proangio- 
genic proteins (i.e, VEGF) up-regulated by on- 
cogenes, and the antiangiogenic proteins down- 
regulated by oncogenes. D’Amato and colleagues 
reported a hierarchy of different mouse strains that 
have increasing angiogenic responsiveness to the 
same dose of a given angiogenic protein (Rohan et 
al. 2000). Interestingly, increasing angiogenic re- 
sponsiveness correlated directly and precisely with 
increasing output of bone marrow-derived endo- 
thelial precursor cells (Udagawa et al. 2006; Shaked 
at al. 2005). Udagawa et al. showed that Ras transfec- 
tion of human non-angiogenic tumor cells switched 
them to the angiogenic phenotype (Udagawa et al. 
2002). Microscopic dormant tumors of which only 
5% became angiogenic after ~1 year all became an- 
giogenic at approximately 1 week after Ras transfec- 
tion. The angiogenic switch was preceded by a 38% 
increased expression of VEGF and a 50% decreased 
expression of thrombospondin-l. 

Folkman’s laboratory in collaboration with Dean 
Felsher’s laboratory reported that tumorigenesis 
by activated oncogenes is angiogenesis-dependent 
(Giuriato et al. 2006). The previous conventional 


wisdom was that inactivation of an oncogene re- 
sponsible for tumorigenesis would lead to regres- 
sion of the tumor (Folkman and Ryeom 2005; Chin 
et al. 1999; Jain et al. 2002). This phenomenon, called 
“oncogene addiction,” implied that oncogene-driv- 
en tumor cell proliferation was necessary and suf- 
ficient to induce expansion of tumor mass, and that 
inactivation of the oncogene was necessary and suf- 
ficient to regress the tumor. However, Giuriato et al. 
showed that Myc inactivation alone did not lead to 
sustained tumor regression unless thrombospon- 
din-1 expression was elevated, or p53 activity was 
normal. In both cases, elevated thrombospondin-1 
expression is necessary to suppress angiogenesis, 
which then leads to tumor regression (Giuriato et 
al. 2006). In fact, Dameron et al. first showed that 
the tumor suppressor gene wild-type p53 inhibited 
tumorigenesis not only by inhibiting tumor cell 
proliferation, but also by maintaining up-regulated 
expression of thrombospondin-1 that inhibited an- 
giogenesis (Dameron et al. 1994). Recently, Teodoro 
et al. reported an additional mechanism by which 
wild-type p53 could inhibit angiogenesis, and they 
demonstrated that p53 mobilized endostatin and 
tumstatin from their respective collagens XVIII 
and IV, through up-regulation of alpha(II) collagen 
prolyl-4-hydroxylase (Teodoro et al. 2006). 

Endostatin controls perhaps the widest spectrum 
of genes that regulate angiogenesis. A gene array 
analysis of 90% of the human genome revealed that 
human endostatin down-regulates a broad spectrum 
of signaling pathways in human microvascular en- 
dothelium associated with proangiogenic activity 
including bFGF, bFGF receptors, HGF, EGFR, HIF- 
1 alpha, Id1, Id4, TNF-alpha receptor and others 
(Abdollahi et al. 2004; Folkman 2006). Endostatin 
simultaneously up-regulated many antiangiogenic 
genes including those encoding thrombospondin- 
1, maspin, APC (adenomatous polyposis coli) and 
others. In fact, endostatin can molecularly reset en 
masse the set of gene expressions underlying the 
angiogenic balance in tissues. This broad spectrum 
of antiangiogenic activity appears to be responsible, 
in part, for the lack of drug resistance observed with 
endostatin in experimental animals (Boehm et al. 
1997). 


These results may explain in part why individu- 
als with Down syndrome are the most protected 
humans against cancer, having only one tenth the 
general incidence of all cancers except for testicular 
cancer and a megakaryocytic leukemia (Yang et al. 
2002). Individuals with Down syndrome have a 1.6- 
told circulating level of endostatin due to an extra 
copy of the gene for collagen XVIII on the trisomic 
chromosome 21 (Zorick et al. 2001). 

Perhaps the most heuristic recent discovery of a 
genetic mechanism that regulates angiogenesis is the 
Notch ligand, delta-like 4, that negatively regulates 
formation of tip cells during angiogenesis (Ridgway 
et al. 2006; Noguera-Troise et al. 2006; Hellstrom 
et al. 2007; Lobov et al. 2007; Suchting et al. 2007). 
Delta-like 4 is a transmembrane ligand for Notch 
receptors that is expressed in arterial blood vessels 
and sprouting endothelium. VEGF stimulation of 
capillary sprouts induces delta-like 4 as a negative 
feed-back on endothelial tip cells (Ausprunk and 
Folkman 1977), which lead capillary sprout exten- 
sion during angiogenesis. 


Clinical Translation of 
Antiangiogenic Therapy 


1.2.1 
Low-Dose Interferon Alpha 


The first use of antiangiogenic therapy in a human was 
in 1989 (see Sect. 1.1.4). A 12-year-old boy with life- 
threatening bilateral pulmonary hemangioendothelio- 
mas was treated with low-dose daily interferon alpha for 
7 months with complete regression of the pulmonary 
lesions and resolution of symptoms, after which the 
treatment was discontinued (White et al. 1989; Folk- 
man 1989). The disease recurred within a month and the 
same treatment was resumed for the next 6 years. There 
was rapid resolution of the disease, and the patient has 
remained perfectly healthy and active during the past 
12 years off therapy. High-grade giant cell tumors and 
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angioblastomas, which failed all conventional therapy, 
have been treated with low-dose daily interferon and the 
results reported (Kaban et al. 1999, 2002; Marler et al. 
2002; Folkman 2002). Two of 2 patients with refractory 
angioblastomas and 27 of 27 patients with high-grade 
giant-cell tumors remain off therapy and free of tumor 
for up to 8 years. The use of urinary bFGF as a biomarker 
(Nguyen et al. 1993) has been helpful in determining 
when to discontinue therapy (Marler et al. 2002). 


1.2.2 
Antiangiogenic Therapy of Cancer 


Avastin (bevacizumab) is the first angiogenesis inhibi- 
tor that was tested in multi-center, placebo-controlled, 
double-blind clinical trials against cancer. It is also the 
first angiogenesis inhibitor that demonstrated signifi- 
cant prolongation of survival and significant prolonga- 
tion of time to recurrence in patients with advanced 
colon cancer. At this writing eight drugs with antian- 
giogenic activity and varying degrees of other activities 
have received FDA approval for cancer therapy in the 
United States. Some of them have also been approved in 
more than 30 other countries, including the European 
Union and China (Table 1.2), Endostar is a modified 
form of endostatin approved in China for lung cancer. 
Twenty-two other drugs with antiangiogenic activity are 
in phase III clinical trials (Table 1.2), The majority of 
them target VEGF or one of its receptors. Therefore, cur- 
rently most of the FDA-approved drugs as well as those 
in phase III clinical trials target a single proangiogenic 
protein. Approximately 30 drugs with antiangiogenic 
activity are in phase II clinical trials for the treatment of 
cancer (Table 1.3). Many of these are beginning to target 
more than one proangiogenic protein. 


1.2.3 
Mono-antiangiogenic Therapy Versus Broad- 
Spectrum Antiangiogenic Therapy 


While approximately 60% of human cancers express 
VEGF, Avastin (bevacizumab) or other drugs that in- 
hibit expression of VEGF or its receptors can be very 
effective against such tumors, especially if used in 
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combination with chemotherapy (Fig. 1.6). However, 
most human cancers, for example breast cancer, can 
also express up to five or six proangiogenic proteins 
(Relf et al. 1997). Therefore, eventually other angio- 
genic proteins (i.e., bFGF, PDGF, HGF or others) may 
be expressed by a tumor in which only VEGF is inhib- 
ited and give the clinical appearance of acquired “drug 
resistance.” The “resistance” may in fact be a form of 
drug evasion (Casanovas 2005). Therefore, in the fu- 
ture, angiogenesis inhibitors may be administered in 
combination with other angiogenesis inhibitors, or in 
combination with antiangiogenic chemotherapy (met- 
ronomic, low-dose chemotherapy). Broad-spectrum 
angiogenesis inhibitors such as endostatin may be 


less susceptible to the development of “drug resis- 
tance” (Fig. 1.7). However, until these broad-spec- 
trum angiogenesis inhibitors receive FDA approval, it 
is not clear whether they will encounter significantly 
less drug resistance. Jain has shown in both human 
and animals that certain angiogenesis inhibitors can 
“normalize” tumor blood vessels. This can lead to de- 
creased vascular leakage, decreased intratumoral tis- 
sue pressure, temporarily increased blood flow (Jain 
1988), and increased delivery of chemotherapy (Jain 
1994; Carmeliet and Jain 2000). Also, other therapies 
delivered by the vasculature may be potentiated by 
antiangiogenic therapy (Jain 2001; Jain 2005; Batch- 
elor et al. 2007). 


Table 1.2. New drugs with antiangiogenic activity approved by the US Food and Drug Administration for clinical use in the 
USA, and by the appropriate regulatory agencies in more than 30 other countries. Velcade was approved as a proteasome 
inhibitor and subsequently was reported to be a potent angiogenesis inhibitor. (From Folkman J, Nature Reviews Drug Dis- 


covery 2007) 

Date approved Drug Place Disease 

May 2003 Velcade (bortezomib) USA (FDA) Multiple myeloma 
December 2003 Thalidomide Australia Multiple myeloma 
February 2004 Avastin (bevacizumab) USA (FDA) Colorectal cancer 
November 2004 Tarceva (erlotinib) USA (FDA) Lung cancer 

December 2004 Avastin Switzerland Colorectal cancer 
December 2004 Macugen USA (FDA) Macular degeneration 
January 2005 Avastin European Union (25 countries) Colorectal cancer 
September 2005 Endostatin (Endostar) China (SFDA) Lung cancer 

November 2005 Tarceva USA (FDA) Pancreatic cancer 
December 2005 Nexavar (sorafenib) USA (FDA) Kidney cancer 

December 2005 Revlimid USA (FDA) Myelodysplastic syndrome 
January 2006 Sutent (sunitinib) USA (FDA) Gastric (GIST); kidney cancer 
June 2006 Lucentis USA (FDA) Macular degeneration 
June 2006 Revlimid USA (FDA) Multiple myeloma 

August 2006 Lucentis Switzerland Macular degeneration 
September 2006 Lucentis India Macular degeneration 
October 2006 Avastin USA (FDA) Lung cancer 

November 2006 Lucentis EU (provisional approval) Macular degeneration 
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Table 1.3. Drugs with antiangiogenic activity and varying degrees of other activities in phase III trials for the treatment of 
cancer. (From Folkman J, Nature Reviews Drug Discovery 2007) 


Agent Target 


AG3340 (Prinomastat) (Agouron Phamaceuticals) MMP inhibitor 


Avastin (Genentech) VEGF 
AZD2171 (AstraZeneca) VEGER-1, -2, -3, PDGFR 
BMS-275291 (Bristol Myers Squibb) MMP inhibitor 


CCI-779 (Wyeth) VEGFR, MTOR inhibitor 
Ceflatonin (homoharringtonine) (ChemGenex) 
Celebrex (celecoxib) (Pfizer) 

GW786034 (pazopanib) (GlaxoSmithKline) 


LY317615 (Enzastaurin) (Eli Lilly) 


Downregulates BEG in leukemic cells 
Increases endostatin 

VEGFR 

VEGF 

VEGFR-2, MMP inhibitor 

VEGFR-2, PDGFR-beta 

VEGFR-1, -2, PDGFR 

VEGFR, MTOR 


Neovastat (Benefin/AE941) (Aeterna Zentaris) 
Nexavar (sorafenib/BAY 439006) (Bayer/Onyx) 
PTK787 (vatalanib) (Novartis) 

RADO01 (everolimus) (Novartis) 

Revlimid (lenalidomide/CC5013) (Celgene) 
Suramin (NCI) 

Sutent (SU11248) (Pfizer) 

Tarceva (OSI774/erlotinib) (Genentech/OSI) 
Tetrathiomolybdate (TM) (Univ. of Michigan) 


VEGF, precursor endothelial cells 

IGF-1, EGFR, PDGFR, TGF-b; inhibits VEGF & bFGF 
VEGFR-1, -2, -3, PDGFR 

HER1, EGFR 

VEGF, Copper chelator 

Thalidomide (Celgene Corporation) VEGF, precursor endothelial cells 
VEGF 

VEGF 


VEGFR-2, EGFR 


VEGF Trap (Regeneron Pharm.) 
Velcade (PS$341/bortezomib) (Millennium Pharm.) 
ZD6474 (Zactima/vandetanib) (AstraZeneca) 


1.2.4 
Treatment of Neovascular Age-related Macular 
Degeneration 


Research in tumor angiogenesis became the basis in 
part for the current antiangiogenic therapy of age- 
related macular degeneration by two FDA-approved 
drugs, Macugen (pegaptanib) and Lucentis (ranibi- 
zumab), and off-label use of Avastin. In a series of 
publications beginning in 1993, Folkman and his 
collaborators Anthony Adamis, Patricia D’Amore, 


and Joan Miller demonstrated that VEGF was the 
major mediator of ocular neovascularization in the 
non-human primate and also reported correlative 
evidence for humans. In 1993 they reported that 
VEGF was synthesized and secreted by human reti- 
nal cells (Adamis et al. 1993). In 1994, they showed 
that iris neovascularization correlated spatially and 
temporally with intraocular VEGF levels (Miller et al. 
1994). Moreover, retinal VEGF expression was shown 
to be upregulated in ischemic retina. Also in 1994, 
they reported that the vitreous of human eyes with 
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proliferative diabetic retinopathy contained signifi- 
cantly increased VEGF levels (Adamis et al. 1994). 
Aiello et al., also reported high VEGF in diabetic 
vitreous. These were among the first papers in the 
scientific literature to characterize the role of VEGF 
in eye disease. In 1995, Folkman’s laboratory, in col- 
laboration with Napoleone Ferrara (of Genentech), re- 
ported that VEGF was the major endothelial mitogen 
made by hypoxic retinal cells (Shima et al. 1995). The 
Folkman laboratory then collaborated with Adamis, 
D’Amore, Miller, and Ferrara to prove that intravit- 
real injection of a neutralizing antibody to VEGF (the 
precursor to Avastin, produced by Ferrara at Genen- 
tech), inhibited retinal ischemia-associated neovas- 
cularization in a non-human primate (Adamis et 
al. 1996). 

These findings led to the development of Macugen 
(pegaptanib), an anti-VEGF aptamer, by Eyetech and 
Lucentis, an anti-VEGF Fab fragment (ranibizumab), 
by Genentech. Macugen was approved by the FDA 
in 2004 for the treatment of age-related macular de- 
generation. Lucentis was approved in 2006. The very 
significant improvements in eyesight of patients 


with age-related macular degeneration have been 
described by Stone (2006). 


Future Directions 


As angiogenesis inhibitors come to be used in com- 
binations, or together with other anti-cancer mo- 
dalities, it is possible that cancer may eventually be 
treated as a “chronic manageable disease” (Folkman 
quoted in Ezzell 1998). 

If biomarkers in blood or urine can be developed 
to achieve the accuracy of detecting recurrent can- 
cer as early as serum calcitonin can detect recurrent 
medullary thyroid cancer, then it may eventually 
be possible to guide cancer therapy by biomarkers. 
For example, could angiogenesis-based biomark- 
ers in blood (e.g., in platelets), or in urine (Roy et 
al. 2004), be used to detect recurrent cancer years 
before symptoms have appeared, or even before tu- 
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Table 1.4. Drugs with antiangiogenic activity and varying degrees of other activities in phase II trials for the treatment of 
cancer. (From Folkman J, Nature Reviews Drug Discovery 2007) 


A6 (Angstrom Pharmaceuticals) 
ABT-510 (Abbott Laboratories) 
Actimid (CC4047) (Celgene Corp.) 
AG-013736 (Pfizer) 

AMG706 (Amgen) 

AP23573 (Ariad Pharmaceuticals) 
AS1404 (Antisoma) 

Atiprimod (Callisto Pharm.) 

ATN-161 (Attenuon) 

BIBF1120 (Boehringer Ingelheim) 
BMS-582664 (Bristol Myers Squibb) 
CDP-791 (ImClone) 

Combretastatin (Oxigene) 

E7820 (Elsai) 

EMD 121974 (cilengitide) (EMD) 
Genistein (McKesson Health Solutions) 
INGN 241 (Introgen Therapeutics) 
Interleukin-12 (NCI) 

MEDI 522 (Abergrin) (Medimmune) 
MLN518 (tandutinib) (Millennium) 
Panzem (2ME2) (EntreMed) 

PI-88 (Progen Industries/Medigen) 
PKC412 (Novartis) 

PXD101 (CuraGen Corporation) 
$U0O14813 (Pfizer) 

Tempostatin (Collard Biopharm.) 
XL647 (Exelisis) 

XL784 (Exelisis) 

XL880 (Exelisis) 

XL999 (Exelisis) 


Binds to uPA cell surface receptor 
Thrombospondin-1 receptor CD36 
Downregulates TNF-a 

VEGF, PDGFR 

VEGF, PDGFR, KITR, RetR 

VEGF, MTOR inhibitor 

Vascular disrupting: releases TNF-a and vWF 
VEGF, bFEGF, IL6 

Alpha 5 beta 1 antagonist 

VEGF, PDGF, FGF receptor kinases 

VEGFR-2 

VEGFR-2, KDR 

VE-Cadherin 

Inhibits integrin alpha 2 subunit on endothelium 
Alpha v beta 3 and 5 antagonist 

Suppresses VEGF, neuropilin, and MMP-9 
VEGF, MDA-7 

Upreregulates IP 10 

Antibody alpha V beta 3 

FLT3, PDGFR, cKit, CSF-1R 

Inhibits tubulin polymerization 

bFGF, stimulates release of TSP1 

VEGFR-2 

HDAC inhibitor 

VEGFR-3, PDGFR-a, PDGFR-b, RET, FLT3 
Extracellular matrix proteins 

VEGFR, EGFR, HER2 

ADAM-10, MMPs 

VEGFR-2, C-met, RTK 

VEGER, PDGER, FGER, Flt-3, Scr 
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Avastin 
VEGF Trap 


Blocks 1 major 
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Sutent 
Blocks 2 or 3 
angiogenic protein 
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Endostatin 


VEGF 
Blocks abroad spectrum | bFGF 
of angiogenic 


regulators. 


mors could be anatomically located? If this is pos- 
sible, the management of cancer may eventually be 
liberated from dependency on determining anatom- 
ical location. This would be analogous to the his- 
tory of treating infections. Before 1930, when very 
few drugs were available, many infections became 
abscesses. These had to be anatomically located for 
surgeons to drain them. Today, physicians treat in- 
fections guided mainly by blood biomarkers, such 
as the white blood cell count. For example, most pa- 
tients with colon cancer are operated upon. At least 
50-60% of colon cancers are cured by surgery. The 
rest will recur at approximately 5 years. If biomark- 
ers could accurately detect the recurrence when it 
is still at a microscopic size, it could be possible to 
“treat the biomarker” with relatively non-toxic an- 
giogenesis inhibitors, without having to know the 
anatomical location of the recurrent tumors. 

It is also possible that the long-term management 
of age-related macular degeneration and of diabetic 
retinopathy by antiangiogenic therapy could be 
greatly improved if guided by angiogenesis-based 
biomarkers. 


} blocks VEGF 


Downregulates 


VEGF receptor2 
PDGF receptor 
c-kit receptor 


VEGF production 
bFGF production 
TGF-o. by tumor cells 


Downregulates 


bFGF receptor 
HIFI Ta 
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Fig. 1.7. Three types of 
angiogenesis inhibitors: 
I those that block a single 
proangiogenic protein; 
I those that can block 
two or three proangio- 
genic proteins; I those 
that are broad-spectrum 
angiogenesis inhibitors. 
(From Folkman J, Nature 
Reviews Drug Discovery 
2007). 
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Abstract 


We summarize here recent findings that pro- 
vide novel insights into the mechanisms regu- 
lating the emergence of endothelial progeni- 
tors from the mesoderm, their coalescence into 
the primary vascular system, the remodeling 
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into arteries and veins, the presence of neural 
guidance receptors on endothelial tip cells and 
the identification of circulating endothelial 
cells early in ontogeny. We presente candidate 
molecules involved in these different processes 
during vascular development. 


Introduction 


The vertebrate vascular system is comprised of a 
highly organized, branching network of arteries, 
capillaries and veins that penetrates virtually all 
body tissues, enabling efficient exchange of oxy- 
gen and nutrients and removal of waste products. 
Blood, which is the carrier of oxygen, carbon dioxide 
and metabolic products, is pumped from the heart 
through the arterial system into the tissue capillary 
bed, where exchanges occur. The blood is then chan- 
neled through the venous system back into the heart. 
The blood-vascular system is affected by numerous 
pathologies, including atherosclerosis and cancer, 
the two major causes of death in developed coun- 
tries (Folkman 1995; Cines et al. 1998; Ferrara and 
Alitalo 1999; Carmeliet and Jain 2000, for reviews). 
The lymphatic system drains extravasated fluid, the 
lymph, from the extracellular space and returns it to 
the venous circulation. The lymphatic vasculature is 
also essential for the immune defense, as lymph and 
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any foreign material present in it, such as microbial 
antigens, are filtered through the chain of lymph 
nodes (Alitalo et al. 2005). 

The capillary bed, which comprises the largest 
surface of the vascular system, is composed solely of 
endothelial cells (EC), occasionally associated with 
external pericytes. These simple capillary tubes are 
surrounded by a basement membrane. Larger ves- 
sels have additional layers constituting the vessel 
wall, which are composed of a muscular layer, the 
tunica media, and an outer connective tissue layer, 
the tunica adventitia, containing vasa vasorum and 
nerves (Wheater et al. 1978). The size of the vessel 
wall varies according to the vessel size and type. 

Blood vessel formation during embryonic de- 
velopment is achieved by two successive processes, 
called vasculogenesis and angiogenesis (Risau 
1997; Coultas et al. 2005). The term vasculogenesis 
describes the de novo specification of endothelial 
precursor cells or angioblasts from the mesoderm 
(Fig. 2.1). These newly formed cells coalesce into 
lumenized tubes of the primary vascular plexus, 
which consists of the central axial vessels (i.e., the 
dorsal aortae and the cardinal veins), as well as of 
a meshwork of homogeneously sized capillaries. 
Lumenization of forming capillary tubes was stud- 
ied almost 100 years ago by observations of living 
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Fig. 2.1. Schematic diagram of the different steps in vascular 
development G 


chick embryos cultured on glass coverslips (Sabin 
1920) and was thought to involve ‘liquefaction’ of 
intracellular compartments of early EC. Recently, 
two-photon imaging of living transgenic zebrafish 
embryos expressing green fluorescent protein fused 
to the vacuolar protein cdc42 showed that lumen 
formation in the intersegmental vessels is indeed 
driven by formation and fusion of intraendothelial 
vacuoles (Kamei et al, 2006). The primary vascular 
plexus is established before the onset of heart beat 
and is ready to receive the first circulatory output. 
This primitive network subsequently expands via 
angiogenesis, i.e., sprouting, bridging and branching 
by intussusception of pre-existing vessels. Angio- 
genesis leads to remodeling of the primary vascular 
plexus into a highly branched hierarchical vascular 
tree, composed of arteries and veins (Fig. 2.1). Lym- 
phatic vessels develop mainly by sprouting from 
embryonic veins, although existence of mesoderm- 
derived lymphangioblasts has been described as 
well (Wilting et al. 2001) (Fig. 2.1). Recruitment of 
mural cells (pericytes in medium-sized and smooth 
muscle cells in large vessels) around the endothelial 
layer completes the formation of a functional net- 
work, In this chapter, we will describe successively 
the main cellular and molecular events that occur 
during vasculogenesis and angiogenesis. 


Vasculogenesis 


As the diffusion distance of oxygen is limited (100- 
200 um), the vascular system in any organ and tis- 
sue has to be established early during development. 
EC differentiation is first observed during gastru- 
lation, when cells invaginate through the primi- 
tive streak to form the mesoderm. Newly formed 
mesodermal cells soon organize into axial meso- 
derm (notochord), paraxial mesoderm (somites), 
intermediate mesoderm (kidney and gonads) and 
lateral plate mesoderm (Fig. 2.2a). The lateral plate 
mesoderm will split into two layers after the forma- 
tion of the coelom: a dorsal sheet, the somatopleural 


mesoderm, and a ventral sheet, the splanchnopleu- 
ral mesoderm. The dorsal sheet is in contact with 
the ectoderm and will form the body wall and limbs 
while the ventral sheet is in contact with the endo- 
derm and will form the visceral organs. The pos- 
terior part of the mesoderm, which occupies about 
half of the embryo during early gastrulation stages, 
will give rise to the extraembryonic mesoderm. 
The first EC that form in the gastrulating em- 
bryo originate from lateral and posterior meso- 
derm (Murray 1932). These territories express 
the vascular endothelial growth factor receptor-2 
(VEGFR2) (Eichmann et al. 1993) (Fig. 2.2b). Vas- 
cular endothelial growth factor (VEGF) and its 
receptor VEGFR2 are the most critical drivers 
of embryonic vessel formation (see Olsson et al. 
2006 for review). VEGF is expressed in spatial and 
temporal association with almost all physiologi- 
cal events of vascular formation in vivo (Jakeman 
et al. 1993; Shweiki et al. 1993). VEGFR2 expres- 
sion is already observed at very early stages of de- 
velopment (Fig. 2.2b) and subsequently becomes 
mainly restricted to EC of all types of blood vessels 
as well as lymphatic vessels (Eichmann et al. 1993; 
Yamaguchi et al. 1993; Wilting et al. 1997). Mice de- 
ficient in VEGFR2 (VEGFR2~"-) die in utero between 
8.5 and 9.5 days post-coitum, as a result of an early 
defect in the development of hematopoietic cells 
(HC) and EC. Yolk-sac blood islands were absent at 
7.5 days, organized blood vessels could not be ob- 
served in the embryo or yolk sac at any stage, and 
hematopoietic progenitors were absent (Shalaby et 
al. 1995), VEGF-deficient mouse embryos also die 
at E8.5-E9.5 and exhibit severe phenotypes similar 
to that of the VEGFR2-^ mice; this phenotype was 
also observed in the VEGF*’” embryos (Carmeliet 
et al. 1996; Ferrara et al. 1996). The lethality result- 
ing from the loss of a single allele is indicative of a 
tight dose-dependent regulation of embryonic ves- 
sel development by VEGF. Taken together, the re- 
sults described above confirm the major position of 
the VEGF/VEGFR2 system in vascular formation. 
The newly formed lateral and posterior meso- 
dermal cells migrate toward the yolk sac, where 
they will differentiate to blood island EC and HC. 
During their migration, the precursors aggregate to 
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clusters, termed hemangioblastic aggregates (Sabin 
1920). The peripheral cells of these aggregates sub- 
sequently flatten and differentiate to EC, while the 
centrally located cells differentiate to HC (Fig. 2.2c). 
The simultaneous emergence of EC and HC in the 
blood islands led to the hypothesis that they were de- 
rived from a common precursor, the hemangioblast 
(Sabin 1920). VEGFR2 expression during successive 
stages of hemangioblast differentiation shows that 
gastrulating precursors as well as hemangioblas- 
tic aggregates are positive, while in the differenti- 
ated islands only the EC express this gene and no 
expression is detected in HC (Fig. 2.2c). These ob- 
servations are compatible with the hypothesis that 
VEGFR2 labels a bipotent progenitor and that after 
lineage diversification, only one of the two daughter 
cells maintains expression of this gene. In support 
of this idea, isolated VEGFR2* cells from posterior 
territories of chick embryos at the gastrulation stage 
cultured in semi-solid medium in vitro differenti- 
ated to HC of different lineages. In the presence of 
VEGF, EC differentiation of the VEGFR2* precur- 
sors was induced (Eichmann et al. 1997). These ex- 
periments showed that VEGFR2* precursors could 
indeed give rise to EC as well as HC, consistent with 
the hypothesis that this receptor is expressed by 
a common precursor. However, at the single cell 
level, an individual VEGFR2* cell would either 
differentiate to an EC or an HC, but not both, pre- 
cluding a direct demonstration of the existence 
of a ‘hemangioblast’. In cultures derived from 
mouse embryonic stem (ES) cells, single-cell-de- 
rived colonies were found to be able to give rise to 
both EC as well as HC (Choi et al. 1998; Nishikawa 
et al. 1998; Schuh et al. 1999; Fehling et al. 2003; 
Huber et al. 2004; D’Souza et al. 2005), again lend- 
ing support to the existence of a common precur- 
sor for both lineages. However, additional studies 
have shown that ES cell-derived VEGFR2* cells 
could also give rise to smooth muscle cells in the 
presence of platelet-derived growth factor (PDGF) 
(Yamashita et al. 2000), indicating that rather 
than being strictly committed to only the EC and 
the HC lineages, these cells may be pluri- or mul- 
tipotent progenitors. Cell-tracking experiments 
in zebrafish embryos have recently revealed bipo- 
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Fig. 2.2a-c. VEGFR2 expression during early chick vascu- 
lar development. a Fate map of gastrulating chick embryo. 
b, c VEGFR2 in situ hybridization. b VEGFR2 is expressed 
in presumptive extraembryonic mesoderm in gastrulating 
chick embryos. c Transverse section of a 15-somite chick em- 
bryo shows that VEGFR2 is expressed by hemangioblastic 
aggregates while VEGFR2 is downregulated in HC in both 
blood islands and capillaries (arrowheads). In contrast, 
VEGFR2 expression is maintained in EC (asterisks) 
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tential hemangioblastic precursors present in the 
ventral mesoderm of gastrulation-stage embryos 
(Vogeli et al. 2006). Interestingly, the data pub- 
lished by Vogeli et al. suggest that hemangioblasts 
represent a distinct subpopulation of endothelial 
and hematopoietic precursors, and that not all EC 
and HC are derived from common precursors in 
zebrafish embryos. Recently in the mouse, Ueno 
and Weissman (2006) showed a polyclonal origin 
of yolk sac blood islands using genetic cell tracking 
approaches. 


Formation of the Primary Capillary Plexus 
and Remodeling into Arteries and Veins 


Following the differentiation of the yolk sac blood 
islands, EC surrounding these blood islands rap- 
idly anastomose to form a capillary meshwork, 
which serves as a scaffold for the beginnings of 
circulation. Figure 2.3a shows the structure of the 
primary capillary plexus revealed by immunohis- 
tochemistry with the QH1 antibody, specific for EC 
in the quail (Pardanaud et al. 1987). The embryo 
has thus laid down the rudiments of its vascular 
system before the onset of heart beat around the 10- 
somite stage in the chick. Inside the embryo proper, 
one major vessel, the dorsal aorta, and numerous 
capillaries have differentiated, while a meshwork 
of homogeneously sized capillaries is present in 
the yolk sac (Fig. 2.3a). EC differentiation in the 
embryo proper during this developmental time 
window occurs in the absence of associated he- 
matopoiesis. 

After the onset of heartbeat and of blood flow, the 
yolk sac capillary plexus is rapidly remodeled into 
arteries and veins and a circulatory loop essential 
for survival is established. Figure 2.3b shows a chick 
embryo about 24h older than the embryo in Fig. 2.3a 
injected with FITC-dextran: it is obvious that the 
primary capillary plexus has been remodeled into 
a functional circulatory system containing arteries, 
capillaries and veins. This remodeling step is critical 
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for the embryo‘s survival and indeed, many mouse 
mutants for genes involved in vascular development 
die during this ‘remodeling’ phase (see Coultas et al. 
2005 for review). The newly formed blood island HC 
are channeled through this primitive circulation. 
These yolk sac hematopoietic precursors mostly 
differentiate into primitive erythrocytes, which are 
replaced, as development proceeds, by definitive 
hematopoietic precursors generated in the embryo 
proper (Dieterlen-Liévre 1975; Cumano et al. 2001). 
These definitive precursors are again observed to 
develop in close association with the ventral endo- 
thelium of the dorsal aorta (Pardanaud et al. 1996; 
Jaffredo et al. 1998). 


Molecular Markers Specific for Arteries 
and Veins 


Based on classic studies, it was believed that EC 
of the primary capillary plexus constitute a rather 
homogeneous group of cells and that differentia- 
tion into arteries and veins occurred due to the 
influence of hemodynamic forces (Thoma 1893). 
Over the past few years, however, several signaling 
molecules have been discovered that label arterial 
or venous EC from early developmental stages on- 
ward, prior to the onset of flow and the assembly of a 
vascular wall. Interestingly, most of these molecules 
are also expressed in the nervous system, where 
they regulate cell fate decisions and guidance of mi- 
gration of neuronal precursors as well as of devel- 
oping axons (Carmeliet and Tessier-Lavigne 2005; 
Eichmann et al. 2005). It is thus tempting to specu- 
late that these molecules regulate similar cell be- 
haviors in the developing vascular system. Arterial 
EC in chick, mouse and zebrafish selectively express 
ephrin-B2, neuropilin-1 (NRP-1) and members of 
the Notch pathway, including Notch receptors, li- 
gands and downstream effectors (Adams 2003; Alva 
and Iruela-Arispe 2004; Shawber and Kitajewski 
2004). Other molecules are specifically expressed 
in the venous system, including EphB4, the recep- 
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tor for arterial ephrin-B2 (Gerety et al. 1999) and 
COUPTFII (You et al. 2005). The neuropilin-2 (NRP- 
2) receptor is expressed by veins and, at later devel- 
opmental stages, becomes restricted to lymphatic 
vessels in chick and mice (Herzog et al. 2001; Yuan 
et al. 2002). In chick embryos, NRP-1 and -2 recep- 
tors are expressed on separate, but mixed popula- 
tions of cells in the yolk sac blood islands. They be- 
come segregated prior to the onset of flow to arterial 
(NRP-1, posterior) and venous (NRP-2, anterior) 
poles of the embryo (Herzog et al. 2005). Based on 
these specific expression patterns and on lineage 
studies in the zebrafish embryo (Zhong et al. 2001), 
it was proposed that arterial and venous fates are 
genetically pre-determined. A possible role for these 
signaling molecules in arterial-venous differentia- 
tion was suggested by the phenotypes of mouse and 
zebrafish mutants: ephrinB2 and EphB4 knockout 


Fig. 2.3a,b. Remodeling of the primary vascular plexus 
during avian development. a Primary capillary plexus of a 
12-somite quail embryo revealed by QH1 whole-mount im- 
munostaining. Arrows point to dorsal aorta. b Functional cir- 
culation visualized by injection of FITC-dextran in a chick 
embryo 24 h older than the embryo shown in a (courtesy of J. 
Favier and G. Sihn). NT, Neural tube; SR, sinus rhomboidalis; 
A, arteries; V, veins 


mouse embryos displayed arrested remodeling of 
the primary vascular plexus into arteries and veins 
during early development, leading to death around 
E9.5 (Wang et al. 1998; Adams et al. 1999; Gerety 
et al. 1999). Endothelial-specific nrp-1 mouse 
mutants failed to express arterial markers in the 
arteries of the embryonic dermis, although these 
vessels were positioned properly (Gu et al. 2003; 
Mukouyama et al. 2005). 

Zebrafish mutant studies have shown a require- 
ment for Notch signaling to repress venous fate in 
arteries: inhibition of the Notch signaling pathway 
using a dominant negative form of suppressor of 
hairless (SuH), a downstream effector of Notch, 
leads to decreased expression of arterial markers 
and ectopic expression of venous markers in arter- 
ies (Lawson et al. 2001). Disruption of the Notch 
signaling pathway in mice also leads to significant 


vascular defects, ascribed to defective arterial-ve- 
nous differentiation. Mutation of dll4, a Notch li- 
gand selectively expressed in arteries, but not in 
veins, leads to defective development of the dorsal 
aorta and cardinal veins, with formation of arte- 
rial-venous shunts (Duarte et al. 2004; Gale et al. 
2004; Krebs et al. 2004). Interestingly, these defects 
are already apparent when a single dll4 allele is lost. 
Arterial markers such as ephrinB2 are downregu- 
lated and venous markers are ectopically expressed 
in the dorsal aorta of dll4 mutants and of several 
other mutants of genes in the Notch pathway, in- 
cluding double mutants of Notch] and Notch4, en- 
dothelial knockout of RBP, the SuH ortholog and 
double mutants of the downstream targets Hes and 
Hey (Fischer et al. 2004; Krebs et al. 2004). Con- 
versely, endothelial-specific mutation of the nuclear 
receptor COUPTFII, expressed in veins, leads to ec- 
topic activation of arterial markers in veins (You 
et al. 2005). Taken together, these studies suggest 
that the specification of angioblasts into arterial or 
venous lineages is genetically determined and oc- 
curs already before the onset of blood circulation. 
Failure in the specification of arterial and venous 
identities or in the establishment of the artery-vein 
boundaries leads to vascular fusions and dyspla- 
sia. 


Role of Hemodynamic Forces in 
Remodeling 


The presence of blood flow is known to be essential 
for remodeling of the primary vascular plexus into 
arteries and veins to occur. Nearly 100 years ago, Chap- 
man showed by surgically removing the heart of chick 
embryos before the onset of circulation that the periph- 
eral vasculature formed, but failed to remodel, without 
blood flow and pressure (Chapman 1918). Remodeling 
of the vasculature also did not occur after surgical 
removal of the heart of young chicken embryos and 
incubation of the embryos in high levels of oxygen to 
remove the effects of hypoxia (Manner et al. 1995). 
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Using in vivo time-lapseimaging of developing chick 
embryos, we analyzed the effects of hemodynamics on 
arterial-venous differentiation (le Noble et al. 2004). 
We observed that prior to the onset of flow, EC express- 
ing arterial or venous markers were localized in a pos- 
terior arterial and an anterior venous pole. After the 
onset of cardiac activity and the start of perfusion, the 
vitelline artery forms in the posterior arterial pole by 
flow-driven fusion of pre-existing capillaries branch- 
ing from the aorta at the level of somite 21 (Fig. 2.3b). 
During the subsequent stages, the arterial network 
expands and some small capillary branches are selec- 
tively disconnected from the arterial network. These 
segments do not regress or apoptose; instead, the dis- 
connected vessels reconnect to the venous plexus. The 
disconnected segments lose their arterial identity and 
start to express venous markers. Detailed high-magni- 
fication intravital imaging shows that the disconnected 
segments, which are filled with blood and pressurized 
due to connections with more distal parts of the arte- 
rial network, grow and extend over the arteries, be- 
fore reconnecting to the veins of the primary network 
(le Noble et al. 2004). The disconnected segments lack 
tip cells or filopodia, and are instead driven by their 
luminal pressure and guided by the strain fields gener- 
ated by the surrounding large-caliber vessels (Nguyen 
et al. 2006). The relatively high pressure in the arteries 
repels the expanding disconnected segments, which 
avoid the arteries and can only reconnect to lower- 
pressure veins. Such avoidance of the arterial segments 
is also observed in the zebrafish parachordal vessel, 
which sprouts from the posterior cardinal vein and 
crosses the intersegmental artery without fusing to it 
(Isogai et al. 2003). 

Arterial and venous identity can also be altered 
experimentally by changing the flow environment of 
the EC. Rerouting flow by artificially obstructing the 
vitelline artery (Stéphan 1952) results in perfusion of 
the arterial tree with blood of venous origin, which 
transforms the arteries into veins, both morphologi- 
cally (Fig. 2.4) and genetically. Perfusing veins with ar- 
terial blood can likewise transform them into arteries 
(le Noble et al. 2004). Thus, while it is clear that there 
must be blood flow in an embryo for remodeling and 
arterial-venous differentiation to occur, the essen- 
tial signal that flow imparts is not known. Blood flow 
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Fig. 2.4A-D. Transformation of embryonic arteries into veins by flow manipulation. Ligation of the right vitelline artery 
(see Fig. 2.3b) of a 30-somite chick embryo in ovo by insertion of a metal clip underneath the artery. A-D Images of time- 
lapse videomicroscopy taken at the indicated time points. The future major venous branch can be seen in C (arrow). Note 
incorporation of an entire branch of the vitelline artery into this vein (arrows, C, D). Asterisks in c and d indicate another 


arterial segment that is becoming venularized 


carries nutrients, oxygen and signaling molecules to 
the vessels and creates physical forces acting on the 
EC and cells of the forming vessel wall. Therefore, the 
initiation of blood flow brings many different signals 
to the embryo. 


Guidance of Capillaries by 
Endothelial Tip Cells 


Despite the crucial role of hemodynamic forces in 
shapingvascular pattern, thegrossvascularanatomy 
of developing mouse, chick or zebrafish embryos 
is characterized by highly reproducible branching 
patterns, suggesting the existence of additional pat- 
terning mechanisms. Indeed, during development, 
blood vessels navigate along stereotyped paths to- 
wards their targets - similar to axonal growth cones 
(Carmeliet 2003). The mechanisms regulating vessel 
navigation remain incompletely understood. It was 
only recently discovered that specialized EC termed 
‘tip cells’ are located at the leading front of growing 
vessels. These tip cells respond to chemoattractant 
and repellent guidance cues that act over short or 


long range (Ruhrberg et al. 2002; Gerhardt et al. 
2003), similar to axonal growth cones, The existence 
of such endothelial “growth cones” highlights the 
anatomical similarities between the nervous and 
vascular systems (Carmeliet 2003). Several recep- 
tors for axon guidance cues are expressing on grow- 
ing vessels and were shown to regulate vessel path- 
finding, including PlexinD1, Robo4 and the Netrin 
receptor UNCSB (Gitler et al. 2004; Torres-Vazquez 
et al, 2004; Bedell et al. 2005 ; Lu et al. 2004). These 
molecules are reviewed in detail by Carmeliet et al. 
in this book (Chap. 3). 

Endothelial tip cells extend numerous thin filo- 
podia that explore their environment and regulate 
extension of capillary sprouts. Using multiphoton 
time-lapse imaging of transgenic Tg(flil:EGFP)yl 
zebrafish, specifically expressing enhanced green 
fluorescent protein in EC, Isogai et al. 2003 docu- 
mented the dynamic assembly of the intersegmental 
vessels (ISVs) in embryos. ISV formation is initiated 
by angioblast migration from the dorsal aorta into 
the intersomitic space (Childs et al. 2002). These an- 
gioblasts form sprouts that grow dorsally between 
the somites and the neural tube, tracking along ver- 
tical myotomal boundaries. The sprouts grow in a 
saltatory fashion with numerous active filopodia 
extending and retracting, particularly in the dorsal- 


most leading extension. ISVs are formed before per- 
fusion and filopodial movement of tip cells ceases as 
perfusion of these vessels is initiated. Endothelial tip 
cells are also seen at the front of the growing post- 
natal retinal vasculature in mice (Fig. 2.5) and in 
the early chick embryo yolk sac prior to the onset of 
flow (Fig. 2.6a). Similar to zebrafish, tip cells are far 
less numerous in perfused vascular beds (Figs. 2.5, 
2.6b), suggesting a correlation between flow and fi- 
lopodial extension that remains to be fully explored. 
However, it is clear that tip cell guidance of growing 
blood vessels is a general phenomenon in vascular 
development that is currently being intensely stud- 
ied in pathological angiogenesis as well. 
Endothelial tip cells express VEGFR-2 (Ger- 
hardt et al, 2003), a high-affinity receptor of VEGF 
(Ferrara et al. 2003). VEGF exists as several alter- 
natively spliced isoforms, VEGF120, 164 and 188 in 
mice, which differ in their matrix- and receptor- 
binding affinities. The shorter VEGF120 isoform 
is freely diffusible, as it lacks the heparin-binding 


Fig. 2.5. Retina] vascular development. Vascular plexus of 
a postnatal day 5 mouse revealed by isolectin B4, Tip cells 
extending filopodia can be visualized at the edges of the vas- 
cular front (arrows), but are far less numerous in remodeled, 
perfused areas of the vascular plexus behind the vascular 
front 
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domain necessary for interaction with the extracel- 
lular matrix, whereas the VEGF188 isoform remains 
bound to the extracellular matrix and the VEGF164 
isoform has intermediate properties. In the post- 
natal mouse retina, tip-cell filopodia follow a gra- 
dient of matrix-bound VEGF produced by retinal 
astrocytes (Gerhardt et al. 2003). Alteration of the 
VEGF gradient by injection of soluble VEGFR-1 or 
by blocking antibodies against VEGFR-2 but not 
VEGER-1 led to loss of tip-cell filopodia; conversely, 
increased branching of hyaloid vessels was ob- 
served in transgenic mice overexpressing VEGF164 
under the control of the A-crystallin promoter. 
Endothelial tip cells primarily migrate but prolif- 
erate only minimally, in contrast to their subjacent 
EC, termed the "stalk cells", which do proliferate. 
Thus, these two types of EC interpret the VEGF sig- 
nal differently: tip cells extend filopodia and stalk 
cells proliferate. The molecular regulation of these 
two distinct behaviors is currently not understood. 
Evidence for a role of VEGF in tip cell guidance is 
also deduced from the analysis of mouse mutants 
selectively expressing different VEGF isoforms 
(Ruhrberg et al. 2002). Vascular development is 
normal in mice expressing only VEGF164, indicat- 
ing that this isoform alone is sufficient to ensure 
proper vascular patterning (Stalmans et al. 2002; 
Stalmans et al. 2003). By contrast, mice expressing 
only VEGF120 or VEGF188 exhibited vessel naviga- 
tion defects. In VEGF120 mice, EC become incor- 
porated into existing vessels and increase vessel 
size rather than forming new branches. As a result, 
vessels are enlarged, stunted and hypobranched. 
In contrast, VEGF188 mice showed the opposite 
phenotype, that is, hyperbranched and thin vessels 
(Ruhrberg et al. 2002). Thus, sequestration of VEGF 
isoforms as gradients in the matrix is crucial for the 
balance between capillary branching and enlarge- 
ment of vessel size. Application of VEGF to early 
chick embryos also leads to dramatic alteration of 
tip cell behavior and vascular hyperfusion, while 
sequestration of VEGF by soluble VEGFR-1 inhib- 
ited tip cell protrusions and proper vessel formation 
(Drake et al. 2006). Collectively, these experiments 
provide evidence for a positive role of VEGF in tip 
cell guidance. 
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Fig. 2.6A-D. Tip cells in the vascular plexus of quai] embryos. Whole-mount QH1 staining of a 12-somite quail embryo 
(A, B) and a 22-somite quail embryo (C, D). B, D Higher magnifications of boxed areas in A, C. Numerous tip cells extend- 
ing filopodia can be observed in the primary vascular plexus before the onset of flow (B, arrowheads), in contrast to later 
stages when flow is already established (D, arrowhead). Ao, Aorta 


Circulating Endothelial Cells or 
Progenitors in the Embryo 


In the adult, once the definitive vascular network 
is established, EC remain essentially quiescent with 
neovascularization only occurring during physi- 
ological or pathological events. For a long time, 


adult neovascularization was thought to be exclu- 
sively achieved by angiogenesis. However, the exis- 
tence of adult circulating EC (CEC) or endothelial 


progenitor cells (EPC) is now well established (see 
Urbich and Dimmeler 2004 for review). These cells 
have important potential therapeutic applications, 
as their administration could stimulate blood ves- 
sel growth in conditions of hypovascularization 
(hind-limb ischemia, myocardial infarction, stroke, 
wound healing). Genetic manipulation of CEC/EPC 
could also allow inhibition of blood vessel growth 
in conditions of hypervascularization (diabetic reti- 
nopathy and tumorigenesis). 

The origin of CEC/EPC was recently investigated 
in the avian embryo, using the quail-chick para- 


biosis model in which a quail embryo is added into 
a chick egg during the 2nd day of development 
(Pardanaud and Eichmann 2006). From the 8th day, 
the chorioallantoic membranes (CAM) of the two 
embryos fused, vascular anastomes were estab- 
lished, and cells could travel from one species to the 
other. CEC/EPC colonizing the chick embryos could 
be recognized using the QH1 monoclonal antibody 
specific for quail cells. The emergence of CEC/EPC 
was observed early in ontogeny, at day 2 of develop- 
ment, long before the formation of the bone marrow, 
although the precise territory generating these cells 
is still unknown. CEC/EPC could colonize all tissues 
of the chick but their number always remained low 
(Fig. 2.7a, b). However, CEC/EPC could efficiently be 
mobilized by wounding or grafting of an organ on 
the chick CAM, resulting in a significant participa- 
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tion of QH1+ CEC/EPC in the endothelial network 
of the grafted organs (Fig. 2.7c), Interestingly, only 
a minority of CEC/EPC (+5%) were integrated in 
chick endothelia (Fig. 2.7b) while the majority were 
located interstitially as isolated cells or integrated 
into chick endothelial cords. It is possible that these 
cells serve a structural bridging role or, alterna- 
tively, that they secrete paracrine growth factors. In 
adult ischemic tissues, Urbich and Dimmeler (2004) 
reported that interstitially located EPC could influ- 
ence neovascularization in a paracrine manner by 
releasing pro-angiogenic factors. 

Interestingly, when a chick CAM from a para- 
biosis was stimulated with VEGF for 2 days, while 
the vascular density was upgraded by comparison 
with PBS-treated CAM, the mobilization of QH1+ 
CEC/EPC did not occur. While this result seemed 


shows a quail EC (green) in the chick vascular plexus (red). ~<a os 
C When the wing of the chick embryo froma E14 parabiosisis * < > ~~ : 
wounded, many QH1+ EC (arrows) invade the wounded tissue 7o Raan 2 Mae à 


together with QH1+ HC (brown dots) 
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unexpected, VEGF did not always mobilize adult 
EPC either (De Palma et al. 2003; Ruzinova et al. 
2003). VEGF-stimulated EPC did not systematically 
increase the formation of vessels (Young et al. 2002) 
but seemed to act indirectly on angiogenesis via the 
recruitment of bone marrow-derived circulating 
cells (Grunewald et al. 2006; Zentilin et al. 2006). In 
our model, CEC/EPC appeared to participate prefer- 
entially in angiogenic responses related to ischemia 
rather than in sprouting angiogenesis. 


Perspectives 


Research carried out over the past decade has pro- 
vided major insights into the mechanisms regulat- 
ing the emergence of endothelial progenitors from 
the mesoderm, their coalescence into the primary 
vascular system, and the remodeling of this system 
into arteries and veins. The molecules implicated 
in these different developmental processes are also 
essential for the maintenance of the adult vascular 
system. Elucidation of the precise function and in- 
teraction of the different molecular players will thus 
certainly lead to the development of novel treat- 
ments for vascular disorders. 

The observation that arterial-venous differentia- 
tion is a flow-driven highly dynamic process that ex- 
hibits a high degree of EC plasticity is an important 
finding, and understanding the regulation of EC 
plasticity with respect to vessel identity has obvi- 
ous important implications for the use of veins in 
coronary bypass surgery, restenoses and therapeutic 
arteriogenesis. 

A particularly interesting aspect of recent re- 
search carried out on the vascular system is the 
identification of neural guidance receptors on blood 
vessels, in particular on endothelial tip cells. Iden- 
tification of factors able to ‘guide’ developing blood 
vessels has obvious implications for pro- and an- 
tiangiogenic therapies that remain to be fully ex- 
plored in the future. The close relation between the 
nervous and the vascular system is, moreover, high- 


lighted by the finding that the patterning of develop- 
ing arteries in the limb skin of mouse embryos has 
been shown to depend on interactions with nerves 
(Mukouyama et al. 2002). Future studies will be di- 
rected at exploring the precise interactions between 
blood vessels and nerves during development as well 
as in pathologies, in particular degenerative diseases 
like diabetic neuropathy that affect both nerves and 
microvessels. 
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Abstract 


During evolution animals had to evolve in or- 
der to perform more and more complex tasks. 
For this, they developed two main specialized 
tissues: a highly branched vascular system to 
ensure adequate blood supply, and an intricate 
nervous system to transmit electrical signals 
to peripheral organs. During development, 
the patterning of both the vascular and the 
nervous system is achieved through the coor- 
dinated action of a variety of guidance cues 
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that direct the growing nerves and vessels to 
specific targets. Emerging evidence suggests 
that the same set of attractive and repulsive 
molecules drives the migration of both axons 
and endothelial tip cells, thus playing a cen- 
tral role in the development of an ordered 
and stereotyped network. In this chapter we 
will discuss the similarities between axon and 
blood vessel guidance as well as the evidence 
showing that molecules first identified as axon 
guidance cues also play a role in blood vessel 
guidance. 


General Introduction 


During the course of evolution, vertebrates have 
learned to perform more complex and sophisti- 
cated tasks - this challenge could only be met by 
the coincident development of two intertwined 
anatomic systems, blood vessels and nerves: the 
former providing nutrients, the latter transmit- 
ting electrical signals required for coordination. 
Although functionally distinct, these two systems 
are architecturally similar, structured into ramify- 
ing and hierarchically ordered networks (Fig. 3.1). 
The nervous and vascular systems share a re- 
markable conservation in their overall anatomi- 
cal architecture, among individuals of the same 
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species and across the vertebrate phyla as well. 
They often display similar patterns in peripheral 
tissues, with nerve fibers and blood vessels fol- 
lowing parallel routes, suggesting the existence 
of developmental links between the two systems 
(Carmeliet 2003). Both systems are composed of 
largely separate efferent and afferent networks (i.e. 
motor and sensory nerves in the nervous system 
and arteries and veins in the vasculature). To follow 
the same path, axons and vessels often take advan- 
tage of one another. In some cases, vessels produce 
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signals (such as artemin and neurotrophin-3) that 
attract axons to track alongside a pioneer vessel 
(Kuruvilla et al. 2004; Honma et al. 2002), and 
conversely, nerves release signals to guide blood 
vessels (such as vascular endothelial growth factor, 
VEGF; Mukouyama et al. 2002). In addition, the 
coordinated morphogenesis of the two networks 
suggests that they are directed by common geneti- 
cally programmed mechanisms. In fact, evidence is 
now emerging that blood vessels, which arose later 
in evolution than nerves, co-opted several of the or- 
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Fig. 3.1a,b. Parallelism in the stereotyped branching patterns of vessels and nerves, Already five centuries ago, the Belgian 
anatomist Andreas Vesalius illustrated the striking similarity between the arborization pattern of vessels (a) and nerves (b) 


throughout the human body (reproduced from Vesalius 1543). 


ganizational principles and molecular mechanisms 
that evolved to wire up the nervous system. 

The correct wiring of the nervous system relies 
on the ability of axons and dendrites to locate and 
recognize their appropriate target. Neurons send 
out a cable-like axon that migrates over consider- 
able distances to reach its final destination. To help 
it find its way in the developing embryo, the axon is 
provided with a highly motile and sensitive struc- 
ture, the growth cone (Huber et al. 2003; Dickson 
2002) (Fig. 3.2a). Through dynamic cycles of exten- 
sion and retraction of filopodia, the growth cone 
continually explores and responds to the appropri- 
ate set of cues, reassessing its spatial environment 
and accurately selecting a correct trajectory among 
the maze of possible routes. 

Two successive processes underlie blood vessel 
formation during embryonic development: vasculo- 
genesis is the differentiation of endothelial precursor 
cells from the mesoderm and their coalescence into 
tubes of the primary vascular plexus, which consists 
of the central axial vessels in addition to a mesh- 
work of homogeneously sized capillaries. Through 
the process of angiogenesis, this primitive network 
expands by sprouting, bridging and branching from 
preexisting vessels and leads to a highly branched 
hierarchical vascular tree composed of arteries and 
veins. The recruitment of mural cells (pericytes and 
smooth muscle cells) around the endothelial layer 
completes the formation of a functional vascular 
network (Carmeliet 2000). 

Although much knowledge of the molecular 
mechanisms of vasculogenesis and angiogenesis 
has been generated in the past decade, critical ques- 
tions on how the vessels choose and follow specific 
paths to reach their targets remain unanswered. Un- 
derstanding this process may have implications not 
only for vascular biology but also for the develop- 
ment of future strategies aimed at inducing or inhib- 
iting angiogenesis. 

Recent findings have shown that, like neurons 
and their axons, new vessels are guided along the 
correct path by integrating attractive and repul- 
sive cues from the environment. Only 3 years ago, 
specialized endothelial cells (ECs) in the lead- 
ing forefront of capillaries, called “tip cells” (Ger- 
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hardt et al. 2003) (Fig. 3.2b), were found to per- 
form function analogous to that of growth cones 
in axons, continuously extending and retract- 
ing numerous filopodia to explore their environ- 
ment and functioning to define the direction in 
which the new vascular sprout grows (Gerhardt 
et al. 2003). These tip cells seem to ‘pave the path’ for 
the subjacent ‘stalk’ ECs and proliferate minimally, 
whereas stalk cells proliferate extensively while mi- 
grating in the wake of the tip cells, permitting ex- 
tension of the nascent vessel (Gerhardt et al. 2003). 

The biological and molecular similarities between 
the nervous and vascular systems have drawn a lot 
of attention lately, since guidance cues, first discov- 
ered in the neuronal system, have also been shown 
to guide blood vessels to their targets using similar 
mechanisms. In particular, four families of neuro- 
nal guidance ligands and their cognate receptors 
(Fig. 3.2c) have now been implicated in angiogenesis: 
members of the UNC-5 family, which bind netrins; 
roundabouts (Robo), which bind Slits; neuropilins 
(Npns), which bind semaphorins and members of 
the VEGF family; and Ephs, which bind ephrins. 
In this chapter we will first discuss the similarities 
between the angiogenic sprouting mechanisms and 
the ones that regulate axonal terminal arborization. 
We will then discuss the angiogenic properties of 
axon guidance cues and their possible role in tumor 
angiogenesis. 


Parallelism Between Terminal Axon 
Arborization and Vessel Sprouting 


Angiogenic and axon sprouting ensure the coverage 
of a target tissue by blood vessels and nerves: the 
former provide the required nutrients and remove 
the toxic waste products, while the latter release 
the necessary biochemical and electrical signals. In 
each case, target cells regulate the release of growth 
factors to direct sprouting. For axon terminals, tar- 
get cells lacking a synaptic input secrete growth 
factors, such as nerve growth factor (NGF), that 
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Fig. 3.2a-c. Morphological and molecular similarities between axonal growth cones and endothelial tip cells. a Scanning 
electron micrograph of an axonal growth cone, terminating with numerous filopodia! extensions (reproduced from Wessells 
and Nuttall 1978). b Multiphoton imaging of tip cell filopodia extending from the dorsal aorta in a 22-h-old zebrafish embryo. 
c The guidance of both axons and endothelial cells is directed by four major classes of ligands and their cognate receptors. 


induce their innervation and which are downregu- 
lated when the target receives appropriate electrical 
stimulation (Goodman and Shatz 1993). For vessels, 
a hypoxic tissue secretes regulators of angiogene- 
sis, such as VEGF, thus inviting its vascularization. 
Later on, when the target cells receive appropriate 
oxygen supply, VEGF expression is downregulated 
(Carmeliet 2003). In both systems sprouting requires 
the presence of these growth factors forming an ap- 
propriate gradient. 

Specific gradients of neurotrophic factors are 
involved in terminal arborization of axons. For in- 
stance, target innervation of sympathetic and some 
sensory connections is mediated by a gradient of 
NGF (Davies 2000). In NGF mutant mice, lacking 
Bax (to prevent cell death), axons stall outside the 
target (Glebova and Ginty 2004), indicating that 
NGF-responsive axons invade target organs only 
when a NGF gradient is released by the target tissue. 
Similar results were obtained when the NGF gradi- 
ent was reversed by autocrine expression of a NGF 
transgene in neurons (Glebova and Ginty 2004), Fi- 
naly, local gradients of NGF within the target organs 
were also shown to regulate the degree of axon ter- 
minal arborization (Diamond et al. 1992). 

VEGF stimulates division and migration of ECs, 
and is critical for vascular development (Ferrara et 
al. 1996; Carmeliet et al. 1996). Similar to NGF in 
axon target innervation and arborization, VEGF is 
critical for the guidance of ECs to their targets. In 
mammals, different VEGF isoforms are generated 
trom alternative splicing of a single gene (Ferrara 
et al. 2003). In humans the three main isoforms are 
VEGF121, VEGF165 and VEGF189 while in mice the 
same isoforms have one aminoacid less. All iso- 
forms bind the tyrosine kinase receptors VEGFR- 
l and -2, but, of the soluble isoforms, only VEGF,,; 
binds Npn-1 and -2 (Ferrara et al. 2003; Neufeld 
et al. 2002a). The shorter VEGF,,, is freely diffus- 
ible, lacks the heparin-binding domain necessary 
tor the interaction with the extracellular matrix, 
and thereby acts over a long range. In contrast, the 
VEGF, isoform acts over a short range because it 
remains bound to the extracellular matrix, while 
the VEGF,,; isoform has intermediate properties 

Ferrara et al. 2003). By virtue of their different af- 
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finities for the extracellular matrix, these isoforms 
produce a gradient extending from the target tis- 
sue to the tip cell of the growing vessel, thus pro- 
viding long-range and short-range guidance cues 
for correct vessel patterning. Evidence for a role of 
VEGF gradients in tip cell guidance was deduced 
from the analysis of three mouse lines, each engi- 
neered to express a single VEGF isoform. Thus, in 
these transgenic mice the VEGF gradient is dis- 
rupted by the lack of two of the VEGF isoforms. 
VEGF,,, mice are normal, indicating that this iso- 
form alone is sufficient to ensure proper vascular 
patterning, but VEGF,,, and VEGF,,. mice exhibit 
serious vascular remodeling defects (Carme- 
liet et al. 1999; Stalmans et al. 2002). In VEGF,,, 
mice, ECs become incorporated in existing ves- 
sels and increase vessel size rather than forming 
new branches. As a consequence, vessels in these 
mutants are enlarged, stunted and hypobranched 
(Stalmans et al. 2002; Ruhrberg et al. 2002). 
VEGF,,, mice, by contrast, show the opposite 
phenotype with hyperbranched and thin vessels 
(Stalmans et al. 2002). Thus, a long-range VEGF 
gradient (provided by the diffusible isoforms 
VEGF 29 and VEGF,,¢4) allows ECs to maintain 
their directional course to the target cell, whereas 
short-range matrix-bound VEGF (due to VEGFj., 
and VEGF jg.) guideposts are necessary for ECs to 
migrate step-by-step along the journey. 

Collectively, similar principles that govern axon 
target innervation and the appropriate pattern of 
terminal arborization are also used for blood ves- 
sel formation and patterning. 


Common Cues in Axon and 
Blood Vessel Guidance 


Another similarity between the nervous and vascu- 
lar system is the requirement of common molecular 
cues for their correct wiring. These cues are respon- 
sible for the highly stereotyped pattern of axons and 
vessels. To reach their target, axons have to travel 
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long distances; they simplify this task by breaking 
up their long trajectory into short segments and nav- 
igating from one “intermediate target” or “choice 
point” to the next (Tessier-Lavigne and Goodman 
1996)(Fig. 3.3). Guidance cues can either be attrac- 
tant or repellent and depending on their diffusible 
properties, they may act at short-range (being cell- 
or matrix-associated) or long-range (being diffus- 
ible) (Tessier-Lavigne and Goodman 1996). Axons 
are usually attracted to a choice point by long-range 
attracting signals produced by the intermediate tar- 
get. Once there, they are expelled by short or long- 
range repellents, also produced by cells at the choice 
point, to continue on their path (Tessier-Lavigne 
and Goodman 1996). Like axons, ECs have to mi- 
grate over short distances (similar in length to the 
shorter segments navigated by axons) to reach their 
final destination. Between choice points, both axons 
and vessels are guided through tissue corridors by 
combinations of attractive cues made by cells along 


the corridors and repulsive signals expressed in 
the surrounding tissues. As mentioned above, re- 
cent findings have shown that molecules that were 
originally identified as axon guidance cues also 
play a role in blood vessel guidance (Carmeliet and 
Tessier-Lavigne 2005). We will now discuss the 
emerging evidence for the role of four families of 
classical axon guidance cues in vessel guidance. 


3.3.1 
Netrins and Their DCC and UNC-5 Receptors 


The netrins are a family of proteins that are highly 
conserved from Caenorhabditis elegans to mammals. 
Their structure shares similarities with the short 
arms of laminin-y (Netrin-1 and -3) or B-chains 
(Netrin-4). They contain a laminin VI domain, three 
EGF-like repeats and a carboxy-terminal domain 
that can bind heparin, heparan sulfate proteogly- 
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Fig. 3.3. Model of axonal growth cone 
navigation. To reach its final target, 
the axon first moves towards inter- 
mediate choice point, depending on 
the action of specific molecular cues, 
which act by either attracting or repel- 
ling its growth cone (from Barallobre 
etal. 2005). 


cans or membrane glucolipids, thereby allowing 
interaction with components of the extracellular 
matrix or the cell surface (Barallobre et al. 2005). 
The extent of their diffusion is determined by both 
their expression level and the concentration of bind- 
ing sites in the surrounding tissue. They bind two 
families of receptors, each with a single transmem- 
brane domain. In vertebrates, the deleted colorectal 
cancer (DCC) receptor family comprises DCC and 
Neogenin, which share homology to UNC-40 in 
C. elegans and Frazzled in Drosophila (Barallobre et 
al. 2005). The other family of receptors that binds 
netrins is the uncoordinated 5 (UNC-5) family. 
Vertebrates have four homologues, UNC-5A, -B, -C 
and -D, which are orthologs of UNC-5 in C. elegans 
(Barallobre et al. 2005). Similar to other guidance 
cues, netrins have a dual role in axon guidance, i.e. 
they can act as either attractant or repellent molecules 
(Barallobre et al. 2005). Signaling of netrins through 
DCC receptors induces axon attraction, while a repul- 
sion effect is generated by the binding of netrins to 
UNC-5 receptors (short-range repulsion) or to a com- 
bination of UNC-5 and DCC receptors (long-range 
repulsion) (Hong et al. 1999; Keleman and Dickson 
2001). 

In species with bilateral symmetry, neurons con- 
nect from one side of the central nervous system 
(CNS) to the other by projecting axons across the 
midline via commissures. In this way, a proper and 
coordinated function of the brain is ensured. Netrins 
are expressed in midline cells of the CNS. Netrin-1, 
the most studied member of the family, is expressed 
in the floor plate and in neuroepithelial cells of the 
ventral region of the spinal cord during development 
‘Barallobre et al. 2005). Netrin-1 attracts commis- 
sural axons to the midline by binding DCC expressed 
on the axon surface (Fig, 3.4a). In Netrin-1- and DCC- 
deficient mice, commissural axons start growing to- 
wards the floor plate but most of them do not reach 
it; instead, they stall or are misrouted on their trajec- 
tory (Fazeli et al. 1997; Serafini et al. 1996). In wild- 
type embryos, once axons have reached the midline, 
their response to the chemoattractant activity of 
Netrin-1 is silenced to avoid stalling at the midline. 
This is achieved by the Commissureless (Comm) 
receptor in Drosophila and by Robo-3 in mouse (see 
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below), whose expression levels become higher in 
postcrossing commissural axons, by forming a com- 
plex with DCC that inactivates Netrin-1 attractant ac- 
tivity (Stein and Tessier-Lavigen 2001) (Fig. 3.4b). 
Genetic evidence for a role for Netrin-1 in vessel 
guidance has been provided recently. Lu et al. have 
shown that Netrin-1 can act as a repellent in blood 
vessel guidance via the UNC-5B receptor (Lu et al. 
2004). UNC-5B, which is the only receptor expressed 
in the vascular system during mouse early develop- 
ment, is specifically expressed in arteries. Genetic 
deletion of this receptor in mice (embryonic E12.5 
lethal) results in excessive vessel branching and in- 
creased extension of the tip-cell filopodia (Lu et al. 
2004). A role for UNC-5B and Netrin-1 in mediat- 
ing endothelial repulsion was also shown in a study 
of the development of intersomitic vessels (ISV) in 
Unc-5b and Netrin-la knockdown zebrafish embryos 
(Lu et al. 2004). ISVs in zebrafish follow a very ste- 
reotyped pattern. ISVs sprout from the dorsal aorta 
and grow dorsally between the somites and neural 
tube; eventually, they elongate and fuse with vessels 
from the adjacent segments to form the dorsolateral 
anastomotic vessel (DLAV) (Lawson and Weinstein 
2002) (Fig. 3.5a). Secondary sprouts then come out 
from the posterior cardinal vein (PCV) and migrate 
dorsally up to the horizontal myoseptum to form the 
parachordal vessel (PAV) (Lawson and Weinstein 
2002) (Fig. 3.5b). ISV formation occurs before perfu- 
sion and proceeds independently of oxygen levels, 
thus suggesting that a genetic program regulates 
the growth of these vessels. In Unc-5b or Netrin-la 
morphants, while the initial sprouting of the ISVs 
into the intersegmental space is unaffected, aberrant 
pathfinding occurs at the level of either the horizon- 
tal myoseptum or the floor plate (which normally 
express Netrin-1la), where ISVs in both morphants de- 
viate laterally instead of extending dorsally (Fig. 3.5c). 
Capillary branching was increased and ISVs were 
misguided, therefore, resembling the phenotype ob- 
served in Unc-5b-deficient mice (Lu et al. 2004). In 
vitro migration assays demonstrated that Netrin-1 
inhibited migration of ECs expressing UNC-5B, con- 
sistent with a possible negative role of Netrin-1 on fi- 
lopodial extension. Moreover, when injecting recom- 
binant Netrin-1 into hindbrains of E10.5 wild-type 
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Fig. 3.4a-c. Mechanisms of axon guidance at the spinal cord midline in mammals. a Before crossing, netrins expressed at 
the midline attract commissural axons through the DCC receptor. At the same time, Rig]/Robo3 silences Robo, which would 
otherwise repel axons from entering the midline. b At the midline, Slit activates Robo, which in turn silences DCC, thereby 
preventing axon stalling and promoting axon expulsion from the midline. c After crossing, high levels of Robo expression 


on the axons prevent them from recrossing the midline. 


embryos a marked retraction of the tip cell filopodia 
occurred compared to BSA-injected control. In ad- 
dition, this effect was abolished in Unc-5b knockout 
mice (Lu et al. 2004). Taken together, these results 
suggest that Netrin-1, by binding to UNC-5B, inhibits 
vessel branching at specific “signaling points”. 
Another study reported that Netrin-1 stimulates 
the proliferation and migration of ECs and vascular 
smooth muscle cells (SMCs) in vitro (Park et al. 2004). 
The Neogenin receptor seems to be responsible for 
transducing these effects in SMCs, but the receptor 
through which Netrin-1 is signaling in ECs remains 
undefined (Park et al. 2004). A possible candidate is 
the adenosine A2b receptor, which is expressed in 
ECs and binds Netrin-1 (Corset et al. 2000), but its 
functional role remains to be determined. Besides 
Netrin-1, Netrin-4 also stimulates EC proliferation 
and tube formation (Wilson et al. 2006); in this case, 
the responsible receptor was not identified since 


Netrin-4 did not bind any of the known netrin 
receptors (Wilson et al. 2006). After knockdown of 
Netrin-la in zebrafish embryos, the ISVs and the 
DLAVs formed normally but the formation of the 
PAVs was inhibited, presumably because Netrin-la 
is required to induce EC migration along the mus- 
cle pioneer cells when forming the PAV (Wilson 
et al, 2006). Netrins also promoted neovasculariza- 
tion and reperfusion in a murine model of periph- 
eral vascular disease (hindlimb ischemia) (Wilson 
etal. 2006). Therefore, itremainstobeestablished why 
Netrin-1 has been reported to have repulsive and 
attractive activities. One possible, but outstanding, 
reconciling hypothesis is that Netrin-] may act as 
a repulsive or attractant cue for ECs depending on 
the receptor type to which it binds. Obviously, addi- 
tional studies will be required to better understand 
the intricate mechanisms of this vessel-guidance 
system. 
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Control Morphant 


Netrin-1a guides Unc5b* ISVs In the absence of Netrin-1a or 
along the myoseptum (My) and Unc5b, ISVs are misrouted 
the floorplate (FP) of the neural 

tube (NT) 


žig. 3.5a-c. Role of netrins in the regulation of vascular development in zebrafish. a Lateral view of a 36-h-old zebrafish 
:=brvo, showing primary sprouting of ISVs from the DA et each myoseptal boundary, elongating dorsally and interconnect- 
.ng to form the DLAV. b Later in development, a secondary set of vascular sprouts emerge from the PCV, often alongside 
ze nearest primary vessels, contributing to the formation of the PAV. c Schematic representation of ISV guidance defects 
:>served in zebrafish embryos after morpholino knockdown of Netrin-la or Unc-5B. The left panel shows normal ISV de- 
velopment, which is severely impaired in the absence of the guidance molecules Netrin-1a or Unc-5B (right panel). FP, floor 
zate: My, myoseptum; NC, notochord; S, somites, NT, neutral tube. 
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3.3.2 
Slits and Roundabouts 


Slits are proteins that have multiple binding do- 
mains, including four leucine-rich repeats (LRRs), 
nine EGF-like repeats (seven in Drosophila) and a 
C-terminal] cystenin knot. They are highly conserved 
from C. elegans to vertebrates (Brose and Tessier- 
Lavigne 2000). In mammals, three family members 
have been identified (Slit-1, -2 and -3), which are 
orthologs of the one identified in Drosophila (Slit). 
Slits are expressed in the nervous system midline 
(Brose and Tessier-Lavigne 2000) and may have a 
dual role, as they repel certain axons but, conversely, 
also stimulate branching and elongation of others 
(Kidd et al. 1999; Li et al. 1999; Wang et al. 1999). 
Slits signal through binding single transmembrane 
receptors of the roundabout (Robo) family (Kidd 
et al. 1998). These receptors contain an extracellular 
region with five immunoglobulin (Ig) domains and 
three fibronectin type III repeats. In Drosophila, Slit 
binds to one Robo receptor; in vertebrates, four Robo 
receptors (Robo-l, -2, -3 and -4) are known, with 
Robo-4 (also known as magic roundabout) being 
structurally divergent from the other Robos. 

Slit proteins have been shown to regulate mid- 
line guidance in Drosophila and vertebrates. In flies, 
Slit is expressed at the ventral midline, where it acts 
(through Robo) as a short-range repellent to prevent 
ipsilateral axons from crossing the midline and com- 
missural axons from recrossing (Kidd et al. 1999), In 
flies lacking Slit, axons that normally do not cross 
the midline do so, and axons that cross it only once 
can then cross it several times. Mice lacking Slit-1 
and Slit-2 display midline defects in major forebrain 
tracts and at the optic chiasm, yet spinal commis- 
sural axons appear unaffected (Plump et al. 2002). 
Analysis of a triple mouse Slit knockout showed that 
Slits, by binding to Robo-1 and -2, also repel com- 
missural axons after they have crossed the midline 
(Long et al. 2004). How can commissural axons, 
which are attracted to the midline by Netrin-1, cross 
the midline if they are also repelled by Slits? A con- 
trolled switch ensures that Slits expel crossing axons 
only after they cross the midline, not before. Two 


mechanisms have been proposed to underlie this 
switch. First, Robo receptors are expressed at low 
levels in precrossing commissural axons (Kidd et al. 
1998; Long et al. 2004). In Drosophila, the regulatory 
protein Commissureless (Comm) keeps the Robo 
receptor intracellularly away from the plasma mem- 
brane, thereby lowering Robo surface expression 
in precrossing commissural axons (Keleman et al. 
2002, 2005). Once commissural axons have crossed 
the midline, Comm repression is lost and Robo be- 
comes expressed at the axon surface. Consequently, 
axons become sensitive to Slits and are expelled from 
the midline. In mammals, a different mechanism for 
this switch has been described. In this case, Robo-l 
and Robo-3 are expressed in precrossing commis- 
sural axons. Robo-3 functions as an “anti-Robo” 
in that it plays a role similar to that of Comm in 
Drosophila: it silences Robo-1 and blocks the bind- 
ing of Slits to Robo-1, thereby eliminating its repul- 
sive activity (Sabatier et al. 2004). After crossing, 
Robo-3 is downregulated and Robo-1 and Robo-2 be- 
come upregulated, ensuring in this case that Slit-me- 
diated repulsion in axons starts only after they have 
crossed the midline (Sabatier et al. 2004) (Fig. 3.4b, 
c). Together with the silencing of midline attraction 
described above for Netrin-1, this mechanism assures 
that axons cross and leave the midline efficiently. 

Several recent studies have implicated Slits and 
their receptors in angiogenesis. During mouse em- 
bryonic development, Robo-4 is selectively expressed 
in developing blood vessels (Park et al. 2003). In the 
adult, Robo-4 is expressed only at sites of active an- 
giogenesis, including tumor vessels (Huminiecki 
et al. 2002). In zebrafish, knockdown of Robo-4 re- 
sulted in ISV sprouting defects: ISVs failed to sprout 
from the dorsal aorta or were arrested midway along 
their migration pathway (Bedell et al. 2005). These 
findings do not, however, provide insight into whether 
Robo-4 functions as an attractant or repellent guid- 
ance cue in ISV guidance. Although one study failed 
to detect binding of Slit-2 to Robo-4 (Suchting et al. 
2005), in vitro experiments in another study showed 
that Robo-4 on human ECs bound soluble Slit-2 and 
that this binding inhibited EC migration, suggest- 
ing a repulsive role for Robo-4/Slit-2 in angiogenesis 
(Park et al. 2003). 


A role for the binding of Robo-1/Slit-2 axis in tu- 
mor angiogenesis has also been described (Wang 
et al. 2003). In vitro studies with human umbili- 
cal vein endothelial cells (HUVECs), which express 
Robo-1, showed that their exposure to a Slit-2 source 
stimulated their chemotaxis. In addition, Slit-2 was 
found to be expressed in many tumor cell lines and 
biopsies around the central necrotic area. In vivo ex- 
periments also supported an attractive role for Slit-2 
on Robo-1 expressing vessels. These results are thus 
in disagreement with the documented repulsive ac- 
tivity of Slit-2, as mentioned above (Park et al. 2003). 
Additional studies will help to clarify the role of Slit-2 
in developmental and pathological angiogenesis and 
explain whether it has opposite effects depending on 
the Robo receptor subtype to which it binds. 


3.3.3 
Semaphorins, Neuropilins and Plexins 


Semaphorins belong to a large family of both mem- 
brane and secreted proteins, characterized by the 
presence of a highly conserved 500-amino-acid 
extracellular domain (Sema domain) that medi- 
ates the binding to multimeric receptor complexes, 
mainly composed of plexins and neuropilins, but 
often including additional molecules (Suchting et al. 
2005). To date, more than 20 semaphorins have been 
identified, categorized into eight classes according 
to sequence similarities and structural properties. 
Generally, membrane-associated semaphorins bind 
directly to plexins, while class 3 secreted sema- 
phorins (Sema3A-F) require neuropilins, which do 
not signal themselves but act as coreceptors for plexin 
signaling. Originally, genetic studies in Drosophila 
and mice implied semaphorins as major cues in axon 
guidance and neuronal cell migration. In general, 
they are considered to act as repellents, though 
Sema3A can also function as a chemoattractant, de- 
pending on the intracellular levels of cyclic nucleo- 
tides (Carmeliet and Tessier-Lavigne 2005). More re- 
cently, a large series of sophisticated loss of function 
approaches in different animal models have high- 
-ighted the importance of semaphorins in a variety of 
neuronal wiring processes. Collectively, these stud- 
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ies indicate that insufficient semaphorin signaling 
results in major axon projection defects, including 
axon defasciculation, overshooting, abnormal trajec- 
tories, misrouting and ectopic termination. Finally, 
semaphorins regulate the pruning of pre-existing 
axon branches in the hippocampus, but it is likely 
that they play a similar role in other regions of the 
brain as well (Carmeliet and Tessier-Lavigne 2005). 

As mentioned above, the main signaling receptors 
for semaphorins in the nervous system are plexins, 
either alone or complexed with members of the neu- 
ropilin family. In mammals, there are at least nine 
plexins, most of which were originally described 
in mediating neuronal cell adhesion and contact, 
axon guidance and fasciculation (Tamagnone et al. 
1999). However, more recently, plexin-semaphorin 
interactions have been implicated in a large series of 
other biological processes, including loss of cell-cell 
contacts in epithelia, regulation of angiogenesis, tu- 
mor growth and metastasis, and immune response 
(Kruger et al. 2005). The plexin family was originally 
identified via homology in the extracellular domain 
with the scatter factor receptors, the prototype of 
which is c-Met, the main receptor for HGF (hepato- 
cyte growth factor, also called scatter factor-1). c-Met 
also regulates branching morphogenesis and axo- 
nal guidance in neuronal tissues (Zhang and Vande 
Woude 2003). In addition to sharing structural ho- 
mology, plexins and scatter factor receptors mediate 
similar responses in target tissues, by inducing sur- 
vival of sensory neurons, outgrowth of motoneuron 
axons, cell migration, proliferation and branching 
morphogenesis (known as the “scatter phenotype”) 
in the epithelium. Furthermore, there are some hints 
that the two systems (class 3 semaphorins/plexins 
and HGF/c-Met) might be functionally linked, be- 
cause Plexin-Bl, upon binding Sema4D, interacts 
with c-Met via its extracellular domain; furthermore, 
c-Met phosphorylation seems to be essential for 
proper Plexin-Bl signaling (Giordano et al. 2002). In 
general, secreted class 3 semaphorins signal through 
Plexin-A, although, as already mentioned, they bind 
a member of the neuropilin family, acting as a co- 
receptor. An exception to this rule is the secreted 
Sema3E, which binds Plexin-D1 directly (Carmeliet 
and Tessier-Lavigne 2005). 


57 


58 


C. Ruiz de Almodovar et. al 


The neuropilin (Npn) receptor family comprises 
two members, Npn-l and Npn-2, with about 50% 
sequence homology and similar domain structure 
(Neufeld et al. 2002b). As the intracellular domain 
of neuropilins is extremely short, it is assumed that 
signaling through these receptors requires the as- 
sociation with other signaling moieties. Evidence 
for the importance of neuropilin’s function was ob- 
tained almost a decade ago, when Npn-1 was shown 
to act as a coreceptor for Sema3A, inducing repul- 
sion of the growth cone during development of the 
CNS (He and Tessier-Lavigne 1997). While Sema3A 
binds only Npn-1, other members of the family, such 
as Sema3B, Sema3C and Sema3F, bind both Npn-1 
and Npn-2 (Chen et al. 1998; Takahashi et al. 1998). 

It has been now established that both Npn-1 and 
Npn-2 are expressed by ECs and associate with 
VEGFR-1 and VEGFR-2 (Fig. 3.6). This unexpected 
finding was one of the first hints that molecules in- 
volved in semaphorin signaling in the nervous sys- 
tem might also play a role in vessel guidance. The 
expression of Npn-1 in ECs increases the affinity of 
VEGF, ¢, for VEGFR-2, thus enhancing VEGFR-2 sig- 
naling, leading to EC chemotaxis and other angio- 
genic steps (Miao et al. 1999). In contrast, when com- 
plexed with VEGFR-1, Npn-] seems to prevent the 
binding of VEGF to this receptor (Fuh et al. 2000), 
but the general relevance of this finding remains to 
be determined. The heparin-binding form of PIGF 
(PIGF-2) and VEGF-B, two additional members of 
the VEGF family, also bind Npn-1 (Makinen et al. 
1999; Migdal et al. 1998). Therefore, neuropilins have 
the unusual property of acting as receptors for two 
disparate ligand families, the semaphorin family of 
axonal guidance mediators and the VEGF family of 
angiogenic factors, suggesting the existence of com- 
mon molecular mechanisms in these two biological 
processes (Fig. 3.6). 

During embryogenesis, Npn-1 and Npn-2 display 
overlapping but distinct expression patterns in the 
nervous system. In the vascular system, both neu- 
ropilins are expressed in yolk sac ECs during vas- 
culogenesis. At later stages, Npn-1 is preferentially 
expressed in arterial endothelium, whereas Npn-2 
labels venous and lymphatic vessels (Eichmann et al. 
2005). Interestingly, npn-1 mutant mice exhibit de- 


fects in projections of the spinal] and cranial nerves, 
and die at the embryonic stage due to severe cardio- 
vascular dysfunction (Kawasaki et al. 1999). In con- 
trast, mice lacking functional Npn-2 receptors are 
viable, with no evidence of cardiovascular defects, 
although small lymphatic vessels and capillaries fail 
to form (Chen et al. 2000). 

The fact that both neurons and ECs express neu- 
ropilins, plexins, and VEGF receptors suggests a 
functional interplay between VEGF and semapho- 
rins in the regulation of both vessel and nerve guid- 
ance and branching. In support of such a neural- 
vascular link, VEGF antagonizes the pro-apoptotic 
and collapsing effect of Sema3A on axons (Gu et al. 
2002), while ECs respond to Sema3A by decreasing 
their migratory capacity, as well as microvessel and 
lamellipodia formation - effects that are reversed by 
VEGF (Miao et al. 1999). Moreover, VEGF induces 
the proliferation of different tumor cell lines, while 
Sema3A exerts a pro-apoptotic effect on most of the 
same cells (Guttmann-Raviv et al, 2006). The oppos- 
ing effect of VEGF and Sema3A mightimply that these 
two factors compete for overlapping binding sites in 
the extracellular domain of a series of shared recep- 
tors. An alternative mechanism is that they provide 
independent, opposite intracellular signals to their 
target cells. In support of the latter hypothesis, class 
3 semaphorins participate in vascular morphogen- 
esis by promoting an autocrine chemorepulsive sig- 
nal, independent of VEGF (Serini et al. 2003; Bates et 
al. 2003; Bielenberg et al. 2006). However, the precise 
role of Sema3A in vascular morphogenesis in vivo 
remains to be elucidated, as others have not detected 
vessel defects in the same Sema3A-deficient mice (C. 
Ruhrberg, personal communication). Furthermore, 
additional genetic studies revealed that neural - but 
not vascular - morphogenesis was severely affected 
in mice, expressing a mutant Npn-1 that could no 
longer bind Sema3A, while still binding VEGF 
(npn-15¢"4-mice), indicating that Sema3A/Npn-l 
is dispensable for vascular development (Gu et al. 
2003). In addition, conditional silencing of Npn-1 
in endothelial cells caused vascular malformations. 
As these defects were not present in npn-1°*™*-mice, 
they may have been caused by impaired VEGF/Npn- 
1 signaling in ECs - consistent with the concept 


Fig. 3.6. Interplay between semapho- 
rin and VEGF signaling during vessel 
and nerve growth. Semaphorins and 
VEGFs share the neuropilin receptors. 
Semaphorin signaling is traditionally 
considered to require neuropilin asso- 
ciation with a transmembrane plexin, 
whereas the formation of a neuro- 
pilin/VEGFR complex promotes the 
binding of VEGF, thereby enhancing 
its activity. Although semaphorin and 
VEGF binding to neuropilins has been 
originally described in neurons and in 
ECs, respectively, it is likely that the 
two signaling events play a key role in 
the development of both vessels and 
nerves. 
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that VEGF signaling through Npn-1 is essential for 
proper vessel morphogenesis. 

Sema4D has also recently been implicated in 
the regulation of EC biology, probably via binding 
Plexin-Bl. The latter receptor is widely expressed 
in the nervous tissues, where it induces repulsion 
in developing axons and plays a part in mainte- 
nance of established neural pathways in the adult 
(Kruger et al. 2005). More recent studies now reveal 
that Plexin-B1 is also expressed in adult ECs and 
that Sema4D, via activation of Plexin-Bl, induces tu- 
bulogenesis and migration of ECs, and angiogenesis 
in vivo (Basile et al. 2004). 

Other plexins have been similarly implicated in 
vessel morphogenesis. Indeed, a series of genetic 
studies in zebrafish and mice revealed that Plexin- 
D1 mediates the vessel guidance activity of sema- 
phorins (Weinstein 2005). Plexin-D1 is expressed 
nearly exclusively in ECs during development and is 
required for proper patterning of ISVs in zebrafish 
embryos, Class 3 semaphorins are expressed in so- 
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mites in a complementary fashion, acting as a repul- 
sive cue for ECs, thereby allowing them to select the 
appropriate ISV branching site (Weinstein 2005). In- 
terestingly, Sema3E is expressed in the caudal region 
of the somites and binds Plexin-D1, independently 
of neuropilins (Gu et al. 2005). Moreover, Sema3E 
and Plexin-D1 mouse mutant embryos exhibit simi- 
lar vascular phenotypes, suggesting that Sema3E 
signals through Plexin-D1 to restrict blood vessel 
growth to the intersomitic boundaries. Of note, 
however, Sema3E-deficient mice are viable, while 
Plexin-D1-deficient mice die shortly after birth due 
to major defects in the cardiac outflow tract, sug- 
gesting that different ligands, other than Sema3E, 
are required for proper cardiovascular patterning. 
Indeed, a model has been proposed according to 
which morphogenesis of the outflow tract requires 
coordinated signaling of VEGF through VEGFR- 
2/Npn-l, and of Sema3A and Sema3C through 
Plexin-D1/Npn-1 and PlexinD1/Npn-2, respectively 
(Eichmann et al. 2005), 
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Additional recent data have implicated sema- 
phorins and neuropilins in tumor development 
(Bielenberg et al. 2006). Tumors produce a naturally 
occurring secreted soluble form of Npn-1 (sNpn-1), 
which may function as a VEGF trap, thus inhibiting 
tumor angiogenesis and growth (Guttmann-Raviv et 
al. 2006). However, the precise role of sNpn-] remains 
unknown, as dimeric forms of sNpn-1 enhance the 
activity of VEGF and would therefore be expected 
to stimulate VEGF-induced tumor angiogenesis 
(Guttmann-Raviv et al. 2006). A role for Sema3F as 
a metastasis suppressor has been recently shown in 
different animal models, based on its ability to block 
the sprouting of peritumoral vessels, and to inhibit 
tumor cell adhesion and migration (Bielenberg et al. 
2006). 


3.3.4 
Ephrins and Eph Receptors 


The Eph receptors and their ligands, the ephrins, were 
first identified as repellent axon guidance molecules 
in the retino-tectal projection system (Carmeliet 
et al. 2005). Subsequently, they were recognized to 
act as guidance cues in a variety of developmental 
processes, including cell migration and positioning, 
axonal outgrowth and pathfinding, axon fascicula- 
tion and angiogenesis (O’Leary and Wilkinson 1999). 
Eph receptors and ephrins are membrane-bound pro- 
teins that function as a receptor-ligand pair, with 16 
Eph receptors (the largest family of protein-tyrosine 
kinases) and nine ephrins identified so far in mam- 
mals. Both Eph receptors and their ephrin ligands 
are classified into A and B subfamilies, according to 
distinct structural properties of the ephrin ligands. 
Ephrin-A ligands are GPlI-anchored peripheral mem- 
brane molecules, while ephrin-B ligands are trans- 
membrane proteins. Although there is considerable 
crosstalk between A and B family members, type A 
ephrins preferentially bind EphA receptors and type 
B ephrins bind EphB receptors (Heroult et al. 2006). 

The mechanisms via which Eph receptors are ac- 
tivated by ephrins have been mainly investigated by 
studying the establishment of topographically orga- 
nized neuronal connections in many regions of the 


CNS. Although Ephs are generally described as recep- 
tors and ephrins as ligands, their interaction initiates 
bi-directional signals in both the Eph- and the eph- 
rin-expressing cell (forward and reverse signaling, 
respectively; Kullander and Klein 2002). In addition, 
interactions between Eph receptors and ephrins on 
adjacent cells result in clustering of these molecules 
at the site of cell contact. This clustering appears to 
be crucial for signal initiation and the subsequent 
cellular response, which often results in a profound 
rearrangement of the assembly state of the local ac- 
tin cytoskeleton. In fact, soluble monomeric ephrins 
cannot activate Eph receptors and often function as 
Eph receptor antagonists. Finally, both proteolysis 
and endocytosis of Eph-ephrin complexes consti- 
tute mechanisms to precisely regulate cell adhesion 
at sites of cell-cell contact. All these properties place 
Ephs and ephrins in a key position for processing in- 
formation at the cell-cell interface. Depending on the 
cell type and the members of the Eph/ephrin family 
involved, the outcome of the interaction can be either 
increased adhesion (attraction) or decreased adhe- 
sion (repulsion). 

At the level of the whole organism, the role of these 
molecules has been mainly investigated by loss-of- 
function studies that abolish both forward and re- 
verse signaling, or by the use of “signaling” mutant 
forms of the proteins, which impair either one or the 
other of the signaling cascades. Phenotypic analysis 
of mice, expressing a mutant form of EphB2, lacking 
the tyrosine kinase intracellular domain, revealed 
that only the extracellular domain of EphB2, but not 
its signaling activity, is required for proper projec- 
tion of anterior commissural axons (Henkemeyer 
et al. 1996). Because ephrins were detected in the an- 
terior commissure tract, EphB2 might induce reverse 
signaling in ephrin-expressing axons (Henkemeyer 
et al. 1996). Ephrins also regulate the topographic 
projections of the retinal ganglion cell axons to the 
midbrain superior colliculus. Indeed, axons from the 
nasal retina, expressing low EphA levels, project to 
the posterior colliculus, containing abundant levels 
of the repellent ephrin-A. In contrast, axons from the 
temporal retina, which express a high density of EphA 
receptors, project to the anterior colliculus, where ex- 
pression of the ephrin-A repellent is low (Carmeliet 


and Tessier-Lavigne 2005). Overall, it has become 
clear that the direct interaction between ephrins and 
Eph receptors provides adhesive forces between cells, 
whereas more complex interactions and coupling 
with intracellular signaling molecules translate such 
contacts into both repulsive signals between adjacent 
cells and attractive guidance cues for cell migration, 
two events of paramount importance in both nerve 
and vessel development (Janes et al. 2005; Zimmer 
et al. 2003). 

Ephrins and their receptors are widely expressed 
during embryonic development, playing versatile 
roles in morphogenesis - including vessel assembly 
and differentiation. For instance, ephrin-B2-null 
mice die at E10.5 as a consequence of impaired vas- 
cular differentiation and arterio-venous remodeling, 
which results in a failure to form a properly branched 
capillary network (Wang et al. 1998). EphB4-null 
mice essentially phenocopy ephrin-B2-null mice, 
thus defining EphB4/ephrin-B2 as principal regula- 
tors of vascular morphogenesis (Gerety et al. 1999) 
(Fig. 3.7). Notably, these loss of function studies in 


Fig. 3.7a,b. Role of 
ephrin-Eph signaling 

in the specification of 
artery-vein boundar- 
ies. a A blood vessel 
network is composed of 
arteries, ramifying into 
capillaries, which drain 
into veins. b Repulsion 
between EphB-express- 
ing venous endothelial 
cells (forward signaling 
in blue) and Ephrin- 
B-expressing arterial 
endothelial cells (reverse 
signaling in red) controls 
the demarcation between 
arteries and veins, pre- 
venting the intermixing 
of the two vessel types. 
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mice also highlighted that repulsive ehphrin-B2/ 
EphB4 signaling is a key event in preventing the mix- 
ing of venous and arterial ECs and in demarcating ar- 
terial-venous cel] boundaries. Consistent with their 
role in these processes, ephrin-B2 and EphB4 are se- 
lectively expressed in arteries and veins, respectively, 
in mouse embryos and this pattern seems to persist 
in the adult mouse as well (Gale et al. 2001; Shin et 
al. 2001). However, in humans, ephrin-B2 and EphB2 
are mainly expressed by arteria] endothelium, while 
EphB4 is expressed by both arterial and venous ECs. 
Moreover, expression analysis in human embryos 
indicates that the pattern of ephrin-B2/EphB4 is not 
strictly arterial-venous, suggesting that local envi- 
ronmental cues might also influence the expression 
of arterial and venous markers (Heroult et al. 2006). 
Indeed, mechanical forces, such as shear stress, have 
also been shown to control ephrin-B2 expression in 
arterial ECs, as demonstrated by flow manipulation 
experiments in the chick embryo (le Noble et al. 2004). 
Ephrin-B2 is also expressed by proliferating endo- 
thelium in different settings of physiological and 
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pathological angiogenesis, including tumor growth, 
reproductive uterine cycle, and neovascularization 
following tissue ischemia (Gale et al. 2001). 

The repulsive activities of EphB4 and ephrin-B2 
suggest an “artery-to-vein push and pull” model of 
angiogenesis, reminiscent of the repulsive function 
of Eph receptors in neurons (Pasquale 2005). Neu- 
ronal activation of Eph receptors generally inhibits 
axonal growth and leads to growth cone collapse, as 
a consequence of either crosstalk with integrins or 
cytoskeletal reorganization involving the Rho path- 
way (Pasquale 2005). EC mixing experiments sup- 
port a model whereby signaling via ephrin-B2 and 
EphB4 leads to propulsive and repulsive effects on 
ECs, respectively (Hamada et al. 2003). Expression 
of ephrin-B2 and EphB4 in ECs not only controls the 
positioning of ECs relative to each other; they also 
seem to play an important role in the complex mor- 
phogenic interactions of ECs with their neighboring 
stromal and mural cells (Heroult et al. 2006). Ephrins 
also have direct guidance functions in vascular de- 
velopment. For instance, ephrin-B2 is expressed in 
somites, where it prevents EphB3-/EphB4-expressing 
ISVs from entering somites, thus providing short- 
range guidance cues for vessels to navigate through 
tissue boundaries (Carmeliet and Tessier-Lavigne 
2005). More recently, it has been proposed that Eph 
receptors might act in a bimodal manner, being ca- 
pable of transmitting both pro-adhesive as well as 
anti-adhesive signals. In particular, reverse ephrin-B 
signaling has been implicated in both attractive and 
repulsive functions (Kullander and Klein 2002), sug- 
gesting that EphB receptors are able to transmit both 
propulsive and repulsive signals on EphB/ephrin-B 
interacting cells in the nervous, and likely also in the 
vascular system. 

Similar Eph/ephrin events are likely to affect tu- 
mor angiogenesis and growth as well. Indeed, EphA1 
was the first Eph receptor family member to be identi- 
fied in an erythropoietin-producing human hepato- 
cellular carcinoma cell line (Hirai et al. 1987). Since 
then, several members of the ephrin family have 
been recognized to be overexpressed or dysregu- 
lated in different tumor types (Surawska et al. 2004). 
The best-studied Eph receptor involved in cancer is 
EphA2, the expression levels of which correlate with 


tumor stage and tumor progression. Moreover, over- 
expression of EphA2 induces malignant transforma- 
tion and confers tumorigenic potential to mammary 
epithelial cells. On the basis of these findings, EphA2 
is currently considered a promising target for anti-tu- 
morigenic and anti-angiogenic interventions. Indeed, 
interference with EphA2 signaling by different ap- 
proaches has been invariably shown to decrease cell 
adhesion, to increase anoikis, and to inhibit tumor 
growth, tumor angiogenesis and metastasis (Heroult 
et al. 2006). Interestingly, perturbation of bi-direc- 
tional EphB/ephrin-B signaling by overexpression of 
a soluble form of EphB4 inhibits tumor growth and 
tumor-associated angiogenesis ina melanoma model, 
probably as a result of interference with tumor-stro- 
mal cell interactions. 


Perspectives 


Emerging evidence has highlighted the importance 
of the neural-vascular link. Not only is there a clear 
parallelism in how blood vessels and nerves develop 
and branch topographically, but also how they share 
common mechanisms for cell signaling and path- 
finding. First, there are striking similarities between 
the growth cone of axons and the endothelial tip cell 
in blood vessels. Both play a similar role in exploring 
the environment and function to define the direction 
in which the axon or the new vascular sprout grows. 
Second, increasing evidence reveals an angiogenic 
role for molecular cues previously described as axon 
guidances. Initial observations suggest that netrins 
or Slits may act as attractant or as repellent cues 
for ECs, but the underlying molecular mechanisms 
remain to be further resolved: Is this dual function 
dependent on the cellular context or the receptor 
type to which they bind? In addition, more research 
is required to elucidate the intracellular pathways 
linking guidance receptor activation to cytoskel- 
etal changes in ECs: Are the signaling cascades in 
neuronal guidance systems similar in ECs? Another 
exciting new development is that at least some of 
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the molecules involved in vessel guidance similarly 
regulate axon guidance. For instance, VEGF, the 
key angiogenic factor, has been recognized to be 
involved in many neurobiological processes, includ- 
ing growth cone movement, neuronal survival and 
maintenance of neuronal circuitries (Carmeliet and 
Tessier-Lavigne 2005). 

From a therapeutic perspective, the discovery of 
this neural-vascular link might also pave the way for 
the development of novel pro- and anti-angiogenic 
therapeutic strategies. The increasing evidence that 
several of the molecules involved in the pathfinding 
of vessels and nerves are also expressed by different 
tumor cells and regulate tumor cell growth, motility 
and invasion (Klagsbrun and Eichmann 2005) offers 
new therapeutic concepts. Initial evidence that in- 
terfering with Robo, semaphorin or ephrin signal- 
ing inhibits tumor angiogenesis in different animal 
models provides a first glimpse of this therapeutic 
potential (Wang et al. 2003; Bielenberg et al. 2006; 
Heroult et al. 2006). It also remains to be determined 
whether some of these molecules will be useful for 
stimulating the reperfusion of ischemic tissues in 
the clinic, an unmet medical need to date. 
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Abstract 


Rapidly growing cancer tissue necessitates an 
increased blood supply. This is provided mainly 
by angiogenesis (blood vessel formation from 
pre-existing vessels) and vasculogenesis (de 
novo formation of vessels). Vascular co-option 
and vasculogenic mimicry may also play a role. 
The transition from a pre-vascular to a vascu- 
larized tumor phenotype is called the angio- 
genic switch. This switch is controlled by a bal- 
ance between pro- and anti-angiogenic factors, 
which are secreted by the tumor cells themselves 
or by cells of the tumor microenvironment (in 
particular stromal ceils and immune cells). 
The most prominent pro-angiogenic factors are 
vascular endothelial growth factor (VEGF) and 
fibroblast growth factor (FGF). Conversely, pro- 
teolytic fragments of the extracellular matrix 
(ECM) can act as potent angiogenesis inhibitors 
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The Angiogenic Switch Helps the Tumor to 
Overcome Growth Limitations Imposed by 
an Insufficient Blood Supply 


With the induction of cellular hyperproliferation 
during tumor development, tumor outgrowth is 
usually restricted to no more than 1-2 mm in di- 
ameter. This phase is often called the avascular 
phase, in which the tumor is nourished by diffu- 
sion of oxygen and nutrients provided by nearby 
blood vessels, and tumor-associated formation of 
new blood vessels is not observed. Avascular tu- 
mors can reach a steady state, where tumor cell 
proliferation and apoptosis are in balance anda net 
increase in tumor volume does not occur. Such oc- 
cult or dormant lesions may be found upon autopsy 
of individuals who have died of causes other than 
cancer. In order to exceed the size limit, tumors 
must gain access to an increased supply of oxygen 
and nutrients. These growing needs of enlarging 
tumors are usually met by angiogenesis, the for- 
mation of new blood vessels from existing vessels, 
such as capillaries or venules. The transition from 
the avascular phase of tumor development to the 
angiogenic phase is often referred to as the “angio- 
genic switch”. The angiogenic switch, and the sub- 
sequent increase in tumoral blood vessel density 
induced by it, is the most important mechanism 
allowing tumors to overcome growth limitations 
imposed by insufficient blood supply. 

When diffusion from nearby pre-existing vessels 
is no longer sufficient to sustain the tumor, there 
are at least four ways for a tumor to solve this di- 
lemma and to continue to grow by gaining access 
to an enhanced supply of oxygen and nutrients 
(see Table 4.1) (Bergers and Benjamin 2003; Ribatti 
et al. 2003). The first and most important strategy is 
to induce the angiogenic switch and to initiate the 
process of angiogenesis. The tumor achieves this 
goal by secreting pro-angiogenic factors and/or by 
suppressing anti-angiogenic effectors resulting in 
the induction of endothelial cell proliferation and 
migration, vessel sprouting and tube formation. In 
addition, vessels may also increase in numbers by 


Table 4.1. Tumor strategies to enhance blood supply 


1. Angiogenesis 
- Vascular sprouting from pre-existing capillaries or 
venules 


- Vascular intussusception of pre-existing vessels 
2. Vascular co-option 


3. Vasculogenesis 


- Mobilization, expansion and integration of vascular 
and hematological progenitor cells for de novo vessel 
formation 


-Formation of mosaic vessels by integrating both tumor 
cells and vascular as well as hematological progenitor 
cells in de novo vessels 


4, Vasculogenic mimicry 


- Formation of vasculogenic networks by tumor cells 
without the contribution of vascular cells 


intussusception, i.e. the division of one vessel into 
two by the formation of a new vessel wall in the lu- 
men of the original vessel (Burri et al. 2004). 

Using a second strategy, tumors grow along pre- 
existing blood vessels and use these vessels for their 
own needs. Such co-option of existing blood ves- 
sels makes additional angiogenesis superfluous. A 
classical example of tumors using this strategy is 
provided by astrocytomas, which are often found to 
grow along blood vessels without forming a tumor 
capsule (Vajkoczy et al. 2002). 

The third strategy is vasculogenesis, i.e. the de 
novo formation of blood vessels from bone mar- 
row-derived precursor cells (Rafii et al. 2002). The 
formation of mosaic tumor blood vessels made up 
from both recruited vascular cells and non-vascular 
tumor cells may be viewed as a specific subtype of 
vasculogenesis. 

The fourth strategy, whose relevance is still 
under debate, is the formation of a luminal network 
that instead of being lined by endothelial cells is gen- 
erated by tumor cells themselves, a process called 
“vascular mimicry”. Vascular mimicry has been 


observed in highly aggressive melanomas, where 
tumor cells form PAS- and laminin-positive lumi- 
nal networks that morphologically mimic blood 
vessels. However, the functional contribution of this 
type of vascular network to tumor progression has 
remained elusive (Hendrix et al. 2003). 

More than one strategy may be found in the same 
tumor, and tumors might adopt different strategies 
according to their stage and grade of malignancy. 
In this chapter we will discuss the role of the angio- 
genic switch in inducing tumor angiogenesis and 
tumor progression. 


Does Tumor Progression Depend on the 
Angiogenic Switch? 


Since the first description of the angiogenic switch, 
its requirement for the outgrowth of many if not 
all types of solid tumors has been established 
(Folkman 1990). Strong evidence that the angiogenic 
switch is required for tumor outgrowth in vivo has 
been obtained by transplanting tumor cells into the 
avascular cornea of rabbits (Gimbrone et al. 1974). 
The transplanted tumor did not grow before ves- 
sels sprouting from the limbus reached the implant. 
If angiogenesis was inhibited, tumor growth was 
dramatically impaired, restricting the tumor nodule 
to a diameter of approximately 0.4 mm. Non-tumor 
tissue was not able to attract vessels to grow into the 
cornea. These findings were confirmed by experi- 
ments employing the chicken embryo chorioallan- 
toic membrane (CAM) assay (Ausprunk et al. 1975). 
Tumors implanted into a CAM regressed within the 
first 3 days. However, when new vessels formed from 
pre-existing vessels and perfused the tumor tissue, 
tumors started to grow again. 

As described above, the implantation of tumors 
into either an avascular compartment, such as the 
cornea, or into a vascularized surface, such as the 
chicken CAM, can elicit the ingrowth of new cap- 
illaries, suggesting that tumors release diffusible 
factors able to activate angiogenesis. Subsequent 
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experiments showed that in the absence of adequate 
vasculature, tumors become necrotic and/or apop- 
totic. These observations underline the fact that 
proliferating tumors depend on sufficient access to 
the vasculature in order to thrive (Holmgren et al. 
1995). In the past years, numerous results from dif- 
ferent experimental systems and from first clinical 
trials have clearly demonstrated that angiogenesis, 
and hence the angiogenic switch, is required for 
tumor outgrowth (see also several chapters of this 
book). 


Visualizing the Angiogenic Switch 


Comparable to many human cancers, in some 
mouse models tumors develop in temporally and 
histologically distinct stages. Thereby, the experi- 
mental amenability and reproducibility afforded 
by the genetic predisposition to specific cancers 
in these mouse models allow a highly detailed 
investigation of the individual stages of tumori- 
genesis. Particularly well studied is the RiplTag2 
transgenic mouse model of pancreatic B cell car- 
cinogenesis. In these mice SV40 large-T antigen 
(Tag) is expressed under the control of the rat in- 
sulin promoter (Rip) (Hanahan 1985), resulting in 
the reproducible development of islet cell cancer in 
histologically distinct stages. Initially, all B cells in 
all islets of Langerhans express the oncogene, while 
the morphology of the islets remains normal. Sub- 
sequently, focal proliferation occurs in individual 
islets, which become hyperplastic (Teitelman et al. 
1988). Hanahan and Folkman have identified a dis- 
tinct stage, referred to as an angiogenic islet, which 
appears to be an intermediate stage between the 
hyperplastic islet and solid insulinoma (Folkman 
et al. 1989). By co-culturing capillary endothelial 
cells with hyperplastic islets isolated from RiplTag2 
mice in a three-dimensional collagen gel, they ob- 
served that a subset of hyperplastic islets was able 
to induce the chemotactic migration, proliferation 
and tube formation of endothelial cells (angiogenic 
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islets), while other islets did not exert any effect 
on the co-cultured endothelial cells (non-angio- 
genic islets) (Fig. 4.1). These experiments clearly 
demonstrated that a switch to angiogenesis has oc- 
curred during the transition from non-angiogenic 
to angiogenic hyperplastic islets and that soluble 
pro-angiogenic factors are released to induce in 
vitro angiogenesis in this assay. 

Subsequently, the angiogenic switch was also 
demonstrated in a number of other mouse models 
of carcinogenesis. The expression of bovine papillo- 
mavirus oncogenes elicits the formation of dermal 
fibrosarcomas in mice (Lacey et al. 1986). In this 
model, first angiogenic activities became evident 
in a late, pre-malignant stage (aggressive fibroma- 
tosis), for example by an increase in tumoral mi- 
crovessel density, before the tumors progressed to 
highly vascularized end-stage fibrosarcomas (Kan- 
del et al. 1991). In a third transgenic mouse model, 
papillomavirus type 16 (HPV-16) E6/E7 oncogenes 
were expressed in the epidermis to instigate the 
development of squamous cell carcinoma of the 
skin (KI4HPVI16; Arbeit et al. 1994). Again, weak 
angiogenic activity could be detected in the hyper- 
plastic stage of the disease by a modest increase of 
vascularization in the underlying dermis. In a next 


non-angiogenic islet 


step, progressive dysplasia led to an abundant for- 
mation of capillaries in the vicinity of the basement 
membrane between dermis and epidermis. A high 
density of vessels persisted in invasive squamous 
cancers that resulted from such dysplastic lesions 
(Smith-McCune et al. 1997). 


The Angiogenic Switch in Human Cancer 


The results from the mouse models suggest that 
the initiation of angiogenesis is indeed a rate- 
limiting step in tumor progression. Quantitative 
analysis of microvessel densities in many differ- 
ent cancer types in patients revealed that the an- 
giogenic switch and the initiation of angiogenesis 
also occur during the growth of human cancers. 
Hyperproliferative lesions in humans, such as car- 
cinomas in situ (CIS), have been screened for the 
occurrence of an angiogenic switch. In contrast 
to the comprehensive temporal and histological 
analysis in the mouse models, these studies ini- 
tially concentrated on staining biopsy or autopsy 


angiogenic islet 


Fig. 4.1. Visualizing the angiogenic switch, Hyperplastic islets of Ripl1Tag2 mice are co-cultured with endothelial cells in 
a three-dimensional collagen gel matrix. Islets that have not undergone the angiogenic switch (left panel) do not influence 
the distribution of the endothelial cells in the gel. In contrast, an islet that has undergone the angiogenic switch attracts 
endothelial cells, which converge upon the islet (right panel). The arrows indicate endothelial cells forming tubes in the col- 
lagen gel. Apparently, the proliferation and orientation of the endothelial cells is induced by pro-angiogenic factors, which 


are secreted by the angiogenic islet. Scale bar 50 um 


samples with antibodies against von Willebrand 
factor (VWF) and CD31 to localize and quantify 
vessels in pre-cancerous lesions. First evidence for 
the existence of an angiogenic switch in human 
cancers was obtained from histological stainings 
of pre-neoplastic lesions of the breast, including 
hyperplastic mammary gland ducts, dysplastic 
ducts and CIS. Using anti-vWF antibodies, a sub- 
set of CIS was considered angiogenic by its in- 
creased microvessel density (Weidner et al. 1992). 
Another human cancer that has been analyzed for 
its angiogenic status is cervical squamous cell car- 
cinoma, a cancer type which also has been char- 
acterized extensively through the routine gyneco- 
logical collection of Papanicolaou-stained cervix 
smears (Pap smears). Cervical dysplasia is graded 
as cervical in situ neoplasia (CIN) I-III, which is 
followed by the invasive cancer. When biopsies of 
cervical lesions were analyzed by staining with 
anti-vWE antibodies to quantify capillaries, an an- 
giogenic switch was apparent in CIN II and CIN 
III lesions, with a marked increase of blood vessel 
density under the basement membrane underlying 
the dysplastic epithelium of CIN II and III lesions 
(Smith-McCune and Weidner 1994; Guidi et al. 
1995). Moreover, histological analysis of benign 
squamous mucosa of the cervix in the neighbor- 
hood of CIN lesions revealed initial stages of an- 
giogenesis, and expression of the pro-angiogenic 
vascular endothelial growth factor (VEGF-A, see 
below), while rare in normal cervical epithelium, 
could be detected in more than 90% of samples of 
benign cervix epithelium adjacent to CIN (Smith- 
McCune et al. 1998). 

The angiogenic switch is executed by two differ- 
ent types of tissue: on one hand, tumor cells them- 
selves, stromal cells or tumor-infiltrating immune 
cells begin to release soluble factors, whose main 
targets are endothelial and other vascular cells in 
the tumor microenvironment. On the other hand, 
the targeted endothelial and vascular cells are 
susceptible to the secreted factors by expressing 
the cognate receptors. The interplay between both 
pro- and anti-angiogenic factors and their respec- 
tive receptors on cells of the vascular compartment 
is a key to understanding the angiogenic switch. 
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Pro-Angiogenic Factors 


Angiogenesis is regulated by a tightly controlled 
balance between pro- and anti-angiogenic factors, 
which are secreted by the tumor cells themselves, 
by stromal cells or by cells of the immune system. 
The main targets of these factors are the endothelial 
cells of nearby vessels. Normal endothelial cells are 
the longest-lived cells outside of the nervous system. 
Only one in 10,000 endothelial cells of the body par- 
ticipates in the cell cycle, the others are quiescent 
(Engerman et al. 1967). An increase in endothelial 
cell proliferation and migration is an indicator that 
angiogenesis has been turned on by the angiogenic 
switch. 

Many in vitro and in vivo assays have been de- 
veloped to monitor the process of angiogenesis 
and to identify pro- and anti-angiogenic effectors 
(Cockerill et al. 1995). Most important are assays 
that quantitatively measure endothelial cell prolif- 
eration and migration. In the proliferation assay, 
the expansion of cultured capillary endothelial cells 
can be measured by counting the cells, by assessing 
the incorporation of radiolabeled nucleotides or by 
photometrically measuring mitochondrial activity. 
To quantify cell migration, two-chamber migration 
assays are often employed. Cells are seeded in an up- 
per chamber separated by a porous membrane from 
a lower chamber. The lower chamber is filled with 
medium containing a chemoattractant, whereupon 
the cells migrate through the pores following the 
chemotactic gradient. 

The prototype pro-angiogenic factor involved 
in many different processes of physiological and 
pathological angiogenesis is vascular endothelial 
growth factor A (VEGF-A). VEGF is a homodimeric 
glycoprotein with a molecular weight of approxi- 
mately 45 kDa. Five main VEGF isoforms (121, 145, 
165, 189 and 206 amino acids long) exist as a result 
of alternative splicing. The larger isoforms (VEGF 
145, 165, 189 and 206) display basic surface charges 
and therefore are easily sequestered by heparin and 
heparin proteoglycans of the cell surface and the ex- 
tracellular matrix (ECM). In contrast, VEGF 121 is 
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acidic and more freely diffusible. Heparin-binding 
VEGFs have been shown to play a role in vascular 
branching at the earliest stages of angiogenic inva- 
sion in several organs (Ruhrberg et al. 2002). The 
heparin-bound forms of VEGF can be released and 
thus activated by heparinases, plasmin, urokinase 
plasminogen activator (uPA) and matrix metal- 
loproteases (MMPs). VEGF induces both endothe- 
lial cell proliferation and migration. More details 
concerning the function and regulation of VEGF 
are discussed in a separate chapter of this book. A 
second important group of pro-angiogenic factors 
is the fibroblast growth factor (FGF) family, in par- 
ticular basic fibroblast growth factor (bFGF, FGF2) 
and acidic fibroblast growth factor (aFGF, FGF1) 
(Friesel and Maciag 1995; Folkman and Shing 1992; 
Christofori 1996). Both proteins belong to a fam- 
ily of growth factors that bind with high affinity to 
heparin and lack a typical consensus sequence for 
secretion. Nevertheless, they can be secreted from 
cells under certain circumstances and induce an- 
giogenesis (Christofori 1996). Whereas the expres- 
sion of VEGF-R is restricted to endothelial cells on 
blood and lymphatic vessels, FGF and FGF-R are 
expressed widely in the organism. Another factor 
reported to have pro-angiogenic activity is plate- 
let-derived growth factor B (PDGF-B). PDGF-B 
induces tube formation, cell sprouting and prolif- 
eration of endothelial cells in vitro (Battegay et al. 
1994), It is also mitogenic for smooth muscle cells 
and pericytes and induces the expression of VEGF 
and VEGF-R2 in cardiac endothelial cells (Edelberg 
et al. 1998). An additional group of pro-angiogenic 
factors are the angiopoietins. Although angiopoi- 
etins cannot elicit endothelial cell proliferation per 
se, they play an important role in the development 
of newly formed vessels. Angiopoietin-1 (Ang1) acts 
as a maturation factor and promotes the recruit- 
ment of pericytes and smooth muscle cells to the 
developing vessel. Angiopoietin-2 (Ang2) seems to 
antagonize Angl activity, and its expression is of- 
ten upregulated prior to vessel sprouting (Tait and 
Jones 2004). Both Ang] and Ang? are upregulated in 
a number of human cancers, yet Ang2 upregulation 
is more frequent. The shift of the Angl/Ang2 bal- 
ance in favor of Ang2 makes the vasculature more 


plastic and amenable to sprouting. Another large 
group of pro-angiogenic effectors consists of cyto- 
kines. Growth-related oncogenes (Gro) a, B and y, 
interleukin-8 (IL8), granulocyte chemoattractant 
protein-2 (GCP2) and epithelial neutrophil-acti- 
vating protein 78 (ENA78) share three amino acids 
(Glu-Leu-Arg), the so-called ELR motif. Members of 
this subgroup of cytokines are chemotactic for endo- 
thelial cells in vitro and induce angiogenesis in the 
cornea pocket model in vivo (Belperio et al. 2000). 
Two other inflammation-associated factors, TGFB 
and TNFa, have a dose-dependent impact on an- 
giogenesis: low doses of TGF and TNFa stimulate 
proliferation of endothelial cells and tube formation 
in vitro, whereas higher doses exert the opposite 
effect (Frater-Schroder et al. 1987). Finally, MMP2 
and MMP9 participate in the angiogenic switch. 
They clear the path for the migrating and prolifer- 
ating endothelial cells by enzymatically degrading 
the matrix. MMP9 also renders hyperplastic islets 
and the epidermis angiogenic by releasing latent 
sequestered VEGF, as shown in the RiplTag2 and 
K14HPV16 mouse models (Bergers et al. 2000; Fang 
et al. 2000; Coussens et al. 2000). This dual action of 
activating endothelial cells by releasing latent pro- 
angiogenic factors and by degrading components of 
the ECM in the path of migrating endothelial cells is 
central to the pro-angiogenic effect of MMPs. 

The expression of these pro-angiogenic effectors 
is regulated by upstream signals that have been par- 
tially characterized. Pro-angiogenic factors can be 
induced by cellular stress [in particular by hypoxia, 
glucose deprivation, formation of reactive oxygen 
species (ROS), cellular acidosis and iron deficiency], 
by the activation of oncogenes or by the loss of func- 
tion of tumor suppressor genes (reviewed by Stein 
et al. 1995; North et al. 2005; Verheul et al. 2004; 
Kerbel and Folkman 2002). Table 4.2 summarizes 
the different factors capable of triggering the angio- 
genic switch and initiating angiogenesis. The com- 
bined action of the aforementioned pro-angiogenic 
factors initiates and sustains the tumor-associated 
angiogenesis. In this process, the pro-angiogenic fac- 
tors VEGF, FGF, PDGF, Ang and TGFf play distinct 
roles. The various functions of these pro-angiogenic 
factors are schematically depicted in Fig. 4.2. 
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Table 4.2. Induction of the angiogenic switch 


Hypoxia / HIF-1a VEGF-AT! 

Hypoxia / HIF-20 VEGE-R27T? 

Glucose deprivation VEGET?3, bFGFT3 

ROS / NF-KB VEGETS, IL-8T> 

Cellular acidosis VEGFT® 

Iron deficiency VEGF? 

2. Gain of function: oncogenes Pathway (effectors) 
Phosphatidy]-inositol-3-kinase (PI3K) VEGFT® 

Human papilloma virus (HPV) VEGFT?, FGF-BPT!° 

H-Ras VEGFT", TSP-1 4'2, MMPs!T 
EGFR VEGFÎ!3 15, bEGET!* 5, IL-8T!5 
Erb/B2 VEGFT'6 

Bel2 VEGFT!” 

Src VEGET?!, TSP-14!9 

c-Myb TSP-2179 

Polyoma virus middle T (PyMT) TSP-11?! 

Fos VEGF expression” 

Pituitary tumor-derived transforming VEGFT™, bEGFT?? 


gene 1 (PTTG1) 


3. Loss of function: tumor suppressor genes Pathway (effectors) 


p53 VEGFT4, HIF-101?4, TSP-1 475 

PTEN VEGFÎ 

Id] TSP-147 

References: ! = Blouw B et al., Cancer Cell, 2003, Semenza GL, Nat Rev Cancer, 2003; ° = Elvert G et al., J Biol Chem, 2003; ° 


= Shweiki D et al., Proc Natl Acad Sci, 1995, Stein I et al., Mol Cell Biol, 1995; * = Carmeliet P et al., Nature, 2000, Schafer T et 
al., J Biol Chem, 2003; ê = Shono T et al., Mol Cell Biol, 1996; § = Shi Q et al., Oncogene, 2001; 7 = Beerepoot LV et al., Cancer 
Res, 1996; 8 = Jiang B et al., Proc Natl Acad Sci, 2000; ? = LeBuanec H et al., Biomed Pharmacother, 1999, Lopez-Ocejo O et al., 
Oncogene, 2000; '° = Stoppler H et al., Oncogene, 2001; |! = Arbiser JL et al., Proc Natl Acad Sci, 1997; Rak J et al., Cancer Res, 
1995; Grugel $ et al., J Biol Chem, 1995; !? = Zabrenetzky V et al., Int J Cancer, 1994; °? = Petit AM et al., Am J Pathol, 1997, !4 
= Inoue K et al., Clin Cancer Res, 2000; '* = Perrotte P et al., Clin Cancer Res, 1999; !6 = Petit AM et al., Am J Pathol, 1997; '” 
= Fernandez A et al., Natl Cancer Inst., 2001; '§ = Mukhopadhyay D et al., Cancer Res, 1995, Rak J et al., Cancer Res, 1995; |? = 
Slack JL et al., Cell Growth Differ, 1994; °° = Bein K et al., J Biol Chem, 1998; °! = Sheibani N et al., Cancer Lett, 1996; ° = Saez 
E et al., Cell, 1995; ? = Heaney AP et al., Nature Med, 1999; #4 = Ravi R et al., Genes Dev, 2000; > = Dameron KM et al., Science, 
1994; * = Koul D et al., Int J Oncol, 2002; *” = Volpert OV et al., Cancer Cell, 2002. 
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Fig. 4.2. Pro-angiogenic factors and the angiogenic switch. Pro-angiogenic factors that are released by tumor cells act on 
endothelial cells of a nearby vessel, VEGF mainly activates endothelial cell proliferation in the sprout stalk and migration of 
endothelial cells at the tip of the forming vessel. FGF appears to be important for maintaining angiogenesis. PDGF, produced 
by tumor or endothelial cells, is a potent mitogen and chemoattractant for precursors of pericytes and smooth muscle cells. 
Angiopoietins, secreted by either tumor or vascular cells, modulate vessel formation and maturation. Angiopoietin-| stimu- 
lates endothelial cell differentiation and maturation, while angiopoietin-2 enhances vessel sprouting and vessel plasticity. 
Smooth muscle cells can secrete TGF-B, which modulates endothelial cell proliferation, differentiation, and maturation 


Pro-Angiogenic Factors Possess Distinct 
Functions in the Initiation and Mainte- 
nance of the Angiogenic Switch 


Different stages of the angiogenic switch, such as 
initiation and maintenance of angiogenesis, are 
regulated by different pro-angiogenic effectors. 
An example for this phenomenon is the temporally 
distinct action of VEGF and FGF. Both VEGF and 


FGF act directly on endothelial cells, stimulating 
proliferation and migration. To dissect the action 
of VEGF and FGF, soluble forms of the VEGF recep- 
tor (SVEGEF-R) and the FGF receptor (sFGF-R) were 
cloned into an adenoviral vector and injected into 
RipTag mice. These soluble receptors then trapped 
the free forms of VEGF and FGF, thus selectively 
inhibiting their action. Whereas adenoviral expres- 
sion of sVEGF-R predominantly affected the initia- 
tion of angiogenesis, sFGF-R impaired the mainte- 
nance of tumor angiogenesis (Compagni etal. 2000), 


This phenomenon is also clinically important, since 
it has been shown that resistance to pharmaceuti- 
cal VEGF blockade can be mediated by the action 
of other pro-angiogenic factors, in particular FGF 
(Casanovas et al. 2005). 


Anti-angiogenic Factors 


Anti-angiogenic factors, which can be produced by 
stromal cells or cells of the immune system, play a 
central role in controlling the fragile balance be- 
tween initiation and termination of angiogenesis. 
There are two groups of endogenous anti-angiogenic 
factors: (1) proteins and protein-fragments of natu- 
rally occurring extra-cellular matrix and basement 
membrane components, and (2) growth factors, 
cytokines and other non-matrix-derived proteins 
that directly repress endothelial cell proliferation 
and migration. The first non-matrix-related anti- 
angiogenic factors to be identified were interferon-o 
and -B (IFNa, IFNB). Interferons have been shown 
to inhibit tumor cell-induced angiogenesis in mice 
(Mitsuyasu 1991). IFNo is also capable of inhibiting 
MMP9 activity and expression (Ma et al. 2001). Fur- 
thermore, it reduces the secretion of pro-angiogenic 
IL8 (Lingen et al. 1998). Another important non-ma- 
trix-derived inhibitor of angiogenesis is angiostatin. 
Angiostatin has been reported to bind to a variety 
of cell surface molecules, including cell membrane 
ATPase, angiomotin, integrin av$3, annexin II, an- 
giostatin-binding-sequence protein, c-met and NG2 
proteoglycan (reviewed in Wahl et al. 2005). It in- 
hibits both endothelial cell proliferation and migra- 
tion and thus hinders tumor-associated angiogen- 
esis. Furthermore, angiostatin can directly inhibit 
tumor growth and metastasis formation (O'Reilly 
et al. 1994). 

The first matrix-related angiogenesis inhibitor 
to be characterized was thrombospondin 1 (TSP1), 
a large multifunctional ECM glycoprotein, which, 
apart from its anti-angiogenic properties, modu- 
lates cell adhesion, cell proliferation and survival, 
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TGFB activation and protease activation (Chen 
et al. 2000). A truncated and highly anti-angiogenic 
form of TSP1 was purified from a hamster cell line 
that had become tumorigenic concomitant with a 
mutation of p53 (Rastinejad et al. 1989; Good et al. 
1990). Another matrix-related anti-angiogenic fac- 
tor is endostatin, a proteolytic cleavage product of 
collagen XVIII. Endostatin specifically inhibits en- 
dothelial cell proliferation and potently inhibits an- 
giogenesis and tumor growth (O'Reilly et al. 1997). 
Endostatin probably acts by blocking VEGF-R2 and 
suppressing Wnt signaling (reviewed by Dixelius 
et al. 2003). Canstatin and tumstatin, proteolytic 
cleavage products of collagen IV, have also been show 
to exhibit an anti-angiogenic effect. While canstatin 
promotes apoptosis of endothelial cells (Magnon 
et al. 2005), tumstatin acts as a specific inhibitor of 
endothelial cell protein synthesis (Maeshima et al. 
2002). Table 4.3 presents a list of matrix-derived and 
non-matrix-derived anti-angiogenic factors. Their 
exact function in tumor angiogenesis is discussed 
in detail elsewhere in this book. 

Obviously, the regulation of the expression and 
activities of anti-angiogenic factors directly af- 
fects the onset and maintenance of angiogenesis. 
In principle, the regulation of matrix-derived anti- 
angiogenic factors can take place either at the level 
of gene expression and cell secretion or at the level 
of proteolytic activation in the extracellular ma- 
trix ECM. The emerging concept is that expression 
and release of matrix-related anti-angiogenic fac- 
tors by cancer cells can be regulated by both loss 
of function of tumor suppressor genes and activa- 
tion of proto-oncogenes. Table 4.4 summarizes 
the influence of several signaling pathways on the 
expression of pro- and anti-angiogenic effectors. 
Expression of TSP1 has been shown to be directly 
regulated by wild-type p53 in fibroblasts and mam- 
mary epithelial cells (Dameron et al. 1994). Upon 
loss of p53, the levels of TSP1 drop dramatically in 
these cells and the surrounding ECM. Moreover, 
the cellular proto-oncogene Ras can modulate 
Myc activity to repress TSP1 expression (Watnick 
etal. 2003). The mechanism by which TSP] and other 
matrix-related anti-angiogenic factors are then acti- 
vated by proteases, either inside the producer cell or 
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Table 4.3. Anti-angiogenic effectors (reviewed by Nyberg et al., 2005) 


Precursor molecule 


Matrix-derived anti-angiogenic factors 
o1-chain of collagen iV 

&2-chain of collagen IV 

03-chain of collagen IV 

Perlecan 

Collagen XVIII l 

Collagen XV 

Fibronectin 

Basement membrane preparations 
TSP1 

TSP2 

Non-matrix-derived anti-angiogenic factors 
Plasminogen 

Antithrombin III 

Prothrombin 

Chondromodulin I 

VEGF-R1 

Interferon a, interferon B 

IL4, IL12, IL18 

2-Methoxyestradiol 

Pigment epithelium derived factor (PEDF) 
Matrix-metalloprotease-2 

Platelet factor 4 (PF4) 

Prolactin (PRL) 

Tissue inhibitors of MMPs (TIMPs) 
Troponin I 


Calreticulin 


A/N 


> > Z Z Z Z Z Z Z Z 


zZz > > Z > Z > > > d Z bb DB DB 


Fragment/domain 


Arrestin 

Canstatin 

Tumstatin 
Endorepellin 
Endostatin 
Endostatin-fragment 
Anastellin 

Fibulin 

TSP1 fragments 


TSP2 fragments 
Angiostatin 
C-terminal antithrombin fragment 


Prothrombin kringle 2 


Soluble VEGF-R1 


Hemopexin-like domain (PEX) of MMP-2 


Prolactin fragment 


Vasostatin 


A, The precursor molecule exhibits anti-angiogenic properties; N, an anti-angiogenic effect of the precursor molecule has not 


been observed. 


Table 4.4, Inhibition of the angiogenic switch 


Regulatory factor Pathway (effectors) 


Aktı TSP-11!, TSP-2T!, NOT! 


p53 TSP-113, BAI-114, EphA215, 
MMP-2TS, VEGF-AU’, HIF-la®, 
Cox2T?, MMP-1!°L 


Rb2/p130 VEGFL!! 
TrkB VEGFL!2 
VHL HIF-100'3, VEGEL? 


BAI, brain-specific angiogenesis inhibitor. 


References: ! = Chen J et al., Nat Med, 2005; ? = Dameron et 
al., Science, 1994; > = Volpert OV, Breast Cancer Res Treat, 1995; 
i = Nishimori H et al, Oncogene, 1997; > = Dohn M et al., 
Oncogene, 2001, Brantley DM et al., Oncogene, 2002; Bian J et 
al., Mol Cell Biol, 1997; Pal S et al., Cancer Res, 2001; ° = Ravi 
R et al., Genes Dev, 2000; ° = Subbaramaiah K et al., J Biol 
Chem, 1999; !° = Sun Y et al., Ann NY Acad Sci, 1999, Zhou Z 
et al., Proc Natl Acad Sci, 2000; !! = Claudio PP et al., Cancer 
Res, 2001; 12 = McGregor LM et al., Proc Natl Acad Sci, 1999; !° 
= Leung SK et al., J Biomed Biotechnol, 2002. 


in the ECM after secretion, has remained elusive. In 
SUIT-2 cells, derived from human pancreatic cancer, 
proteolytic cleavage of collagen XVIII by cathepsin 
D, cathepsin L, several MMPs and elastase resulted 
in the formation of the anti-angiogenic protein end- 
ostatin (Brammer et al. 2005a). Canstatin and tum- 
statin are also activated through proteolytic cleavage 
of collagen residues. This underlines the polyvalent 
regulation of matrix-derived anti-angiogenic factors 
both at the level of production and secretion and at 
the level of activation and inactivation through dif- 
ferent proteases. 

Anti-angiogenic factors that are not derived from 
the extracellular matrix are also regulated at the 
level of gene expression and/or activation through 
proteolytic cleavage. The factors that are regulated 
at the expression level include interferons and the 
anti-angiogenic interleukins 4, 12 and 18, which 
are released from cells of the immune system. The 
release itself is regulated by inflammatory signals 
(Naldini and Carraro 2005). An example of a non- 
matrix-derived anti-angiogenic factor that is regu- 
lated at the level of proteolytic cleavage is angio- 
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statin. Angiostatin is derived from plasminogen by 
various proteolytic cleavages and represents kringle 
domains 1-5 of plasminogen. Proteases that re- 
lease angiostatin from plasminogen include several 
MMPs (MMP2, MMP3, MMP7, MMP9, MMP12), 
elastase, 13-kDa serine peptidase, 24-kDa endopep- 
tidase, cathepsin D and prostate-specific antigen 
(PSA) (reviewed Cao and Xue 2004). Furthermore, 
plasmin auto-digestion also results in the forma- 
tion of angiostatin. Such conundrum of activating 
proteases adds considerably to the complexity of the 
regulation of anti-angiogenic factors by proteolytic 
cleavage. 


The Angiogenic Switch: A Balance Between 
Pro- and Anti-angiogenic Factors 


Hanahan and Folkman hypothesized that the bal- 
ance between pro-angiogenic factors and anti-an- 
giogenic factors governs the angiogenic switch 
(Hanahan and Folkman 1996). In that model, the 
angiogenic switch tips the balance in favor of an- 
giogenesis by either promoting the activities of pro- 
angiogenic factors or by inhibiting anti-angiogenic 
factors (Fig. 4.3). This hypothesis is supported by 
a number of experimental evidence. For example, 
adding increasing amounts of TSP1 to FGF2- and 
VEGF-stimulated endothelial cells abrogates their 
proliferation and migration (Good et al. 1990). 
Moreover, the restoration of p53 in tumor cells leads 
to an enhanced expression of TSP1, which in turn 
overrules the activities of pro-angiogenic factors 
either produced by the cells themselves or added 
exogenously (Dameron et al. 1994). 

There are several ways to influence the balance 
between pro- and anti-angiogenic effector mol- 
ecules and, thus, the angiogenic switch. Increased 
and decreased production and secretion of pro- and 
anti-angiogenic factors, respectively, will tip the 
balance to the angiogenic state, as described above. 
However, other mechanisms may also regulate the 
angiogenic balance. For instance, the specific secre- 
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angiogenic switch 


angiogenesis 


Fig. 4.3. The angiogenic balance. The angiogenic switch is governed by the balance between pro- and anti-angiogenic 
factors. Angiogenesis can be induced by upregulation of pro-angiogenic factors, downregulation of anti-angiogenic factors 
or both. The angiogenic switch tips the balance in favor of angiogenesis 


tion of signal peptide-less FGF1 and FGF2 by tumor 
cells but not by non-transformed cells may contrib- 
ute to the angiogenic switch (Christofori and Luef 
1997; Kandel et al. 1991). 

Also, the angiogenic activities of pro-angiogenic 
VEGF are controlled very tightly by several mecha- 
nisms. An interesting regulatory process is the inhi- 
bition of VEGF-A by soluble VEGF-R1 (sV EGF-R1), 
which is shed by endothelial cells. Upon binding of 
the ligand, sVEGF-R1 dimerizes and forms a domi- 
nant-negative complex with the mitogenically com- 
petent full-length VEGF-R2 (Kendall et al, 1996; 
Kendall and Thomas 1993). Moreover, shed VEGF- 
R1 also directly sequesters VEGF-A and prevents it 
from binding to VEGF-R2 on endothelial cells. In- 
vestigations in human breast cancer patients dem- 
onstrated that with increasing tumor size the ratio 
of VEGF-A to sVEGF-R1 shifts in favor of VEGF- 
A, thereby favoring the pro-angiogenic activity of 
VEGF-A (Hoar et al. 2004). 

Different splice variants add an additional level 
of complexity to the regulation of VEGF-A. As 
mentioned above, VEGF-A exists in five main iso- 
forms of different size, whereby the larger isoforms 
are sequestered at the cell surface or the ECM and 
the shorter isoforms are diffusible. The proteolytic 
cleavage and release of heparin-binding isoforms 


(latent VEGF) from the ECM represents a further 
important mechanism of angiogenesis control, 
as has been nicely demonstrated in the RiplTag2 
transgenic mouse model of pancreatic B-cell carci- 
nogenesis. Expression analysis of VEGF mRNA and 
protein during f-cell tumorigenesis in these mice 
revealed a constitutive expression of VEGF-A in 
normal islets and only a moderate upregulation of 
its expression during the late stages of tumorigen- 
esis (Christofori et al. 1995). Yet, genetic ablation 
of VEGF-A gene function by knockout technology 
or repression of VEGF-A activity by the expres- 
sion of soluble VEGF-R1 efficiently repressed the 
angiogenic switch and thus tumor outgrowth, in- 
dicating that VEGF-A plays an important role dur- 
ing the angiogenic switch in this model (Compagni 
etal. 2000; Inoue et al. 2002). Crossing Rip!Tag2 mice 
with MMP9 knockout mice also repressed the onset 
of angiogenesis, and detailed functional analysis re- 
vealed that MMP9 is required for the release of la- 
tent VEGF-A during the angiogenic switch (Bergers 
et al. 2000), Similar experiments in the K14-HPV16 
mouse model of squamous cell carcinoma showed 
that MMP9 is actually supplied by infiltrating mast 
cells and monocytes, suggesting an important role 
of immune cells in the angiogenic switch (see below) 
(Coussens et al. 1999, 2000). 


The importance of MMPs in manipulating the an- 
giogenic balance has also been investigated in a modi- 
fied chick CAM assay, where a nylon mesh coated with 
fibrillar type 1 collagen was implanted into the CAM. 
Expression of both FGF2 and VEGF resulted ina strong 
angiogenic response with migration of endothelial 
cells into the chick CAM implant. This response could 
be blocked by MMP inhibitors (Seandel et al. 2001). 
In addition, angiogenesis was markedly reduced if 
the implant was coated with collagenase-resistant 
collagen instead of wild-type fibrillar collagen. Inter- 
estingly, the migration of fibroblasts and monocytes 
into the modified implant was not reduced, indicating 
a specific role of MMP-mediated collagen cleavage in 
growth-factor-stimulated angiogenesis. 

Feedback loops provide a further mechanism by 
which the angiogenic balance is modulated. Pro-an- 
giogenic signals can induce the stimulation of anti- 
angiogenic signals to terminate angiogenesis and vice 
versa. For example, the generation of anti-angiogenic 
endostatin through elastase-mediated cleavage of 
collagen type XVIII is promoted by stimulation of hu- 
man pancreatic cancer cells (SUIT-2 cells) with TNFa 
(Brammer et al. 2005b). Since TNF itself is known to 
increase the secretion of VEGF and thus to be pro-an- 
giogenic, this exemplifies the interplay between sev- 
eral regulatory circuits governing the availability and 
the activities of pro- and anti-angiogenic factors. 


The Tumor Microenvironment 


It is now well appreciated that the tumor microenvi- 
ronment exerts an important role in tumor progres- 
sion. It not only contributes to the onset of tumor 
angiogenesis but also affects the malignant pheno- 
type of tumor cells. Thereby, pro- and anti-angio- 
genic factors are not exclusively produced by tumor 
cells, they are also derived from stromal cells of 
the tumor microenvironment, including endothelial 
cells themselves, pericytes and smooth muscle cells, 
myoepithelial cells, fibroblasts and myofibroblasts 
and infiltrating cells of the immune system, such as 
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macrophages, mast cells, dendritic cells, NK cells, 
and T and B lymphocytes (Coussens and Werb 2001; 
Egeblad and Werb 2002). Tumor-associated immune 
cells can modify and contribute to the angiogenic 
switch by secreting pro-angiogenic factors and pro- 
teases that are comparable to those secreted by the 
tumor cells themselves (Yu and Rak 2003; Bingle 
et al. 2002). Macrophages and monocytes seem to 
play a distinct role in tumor arteriogenesis, i.e., dila- 
tation of primary blood vessels and formation of an 
arterial cell wall (Scholz et al. 2001). However, as 
with most aspects of tumor angiogenesis, inflamma- 
tory cells have a dual function and can also medi- 
ate a repertoire of anti-angiogenic factors and an- 
giogenesis-inhibiting proteases. Table 4.5 gives an 


Table 4.5. Immune cells and the angiogenic switch 


Cell type Function Effectors 
Macro- Pro-angiogenic VEGF, TGFa, IL8, FGF2, 
phages! PDGF, substance P, prosta- 
glandins, angiogenin 
Anti-angiogenic TSP-1, IFNa, IFNy 
Surface proteases cathepsin D, tPA, uPA, 
MMPi, 2, 3, 7, 9, 12 
Mast Pro-angiogenic VEGF, FGF2, TGFB, TNFa, 
cells? IL8, histamine, NGF 
Surface proteases Chymase, tryptase, 
MMP2, 9, heparanase 
Neutro- Pro-angiogenic VEGF, IL8 
phils? i , , 
Anti-angiogenic IL12, IP10 
Surface proteases MMP9, uPA, elastase 
Eosino- Pro-angiogenic VEGF, FGF2, TNFa, GM- 
phils* CSF, NGF, IL8, eotaxin 


PA, plasminogen activator (tissue or urokinase type); NGF, 
nerve growth factor; IP, interferon inducible protein; GM- 
CSF, granulocyte and macrophage colony-stimulating factor. 
Depending on the type of the expressed surface protease, 
angiogenesis can be enhanced or inhibited 


References: ' = reviewed by Yu JL et al., Breast Cancer Res, 
2003 and Bingle L, J Pathol, 2002; ? = reviewed by Yu JL et al., 
Breast Cancer Res, 2003 and Ribatti D et al., Clin Exp Allergy, 
2004; > = reviewed by Yu JL et al., Breast Cancer Res, 2003; 
4 = Puxeddu | et al., IJBCB, 2005 
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overview on the different pro- and anti-angiogenic 
factors contributed by inflammatory or other cells 
of the immune system. 

Notably, cells of the immune system appear to 
modulate both tumor growth and tumor angiogen- 
esis: they stimulate the adaptive immune response 
against tumor-specific antigens to repress tumor 
growth, yet at the same time they can promote 
tumor angiogenesis and progression by supporting 
innate and inflammatory responses. While the role 
of tumor-associated macrophages (TAMs) has been 
extensively addressed (reviewed in Pollard 2004), 
other cells of the immune system seem to contrib- 
ute to tumor progression as well. Examples are mast 
cells providing MMPs for the activation of matrix- 
bound latent VEGF-A (see above; Coussens et al. 
1999) or B cells which also appear to contribute to 
tumor progression (de Visser et al. 2005). 

Tumors, i.e. tumor cells themselves and/or cells 
of the tumor microenvironment, respond to tumor 
hypoxia, necrosis, tissue repair and general inflam- 
mation and release a number of cytokines and che- 
mokines that are chemoattractive for monocytes 
and macrophages, including CSF1, GM-CSF, MSP, 
TGFB, CCL2, CCL7, CCL3, CCL4, and MIF. In turn, 
infiltrating macrophages secrete growth factors that 
affect tumor cells or tumor endothelium, includ- 
ing VEGF-A and -C, FGF2, TNFa, HGF, EGF family 
members, and PDGF (Balkwill et al. 2005; Pollard 
2004). These cytokines and chemokines are also 
critical in the recruitment of secondary inflamma- 
tory cells, such as mast cells and neutrophils, which 
in turn support tumor progression by secreting pro- 
inflammatory, pro-angiogenic and pro-tumorigenic 
cytokines and proteases. Thus, depending on the 
chemokine milieu in the tumor environment, TAMs 
can be programmed to support an immune response 
against the tumor or rather repress adaptive im- 
mune responses and induce trophic activities of the 
tumor environment (Pollard 2004). Consistent with 
this notion, clinical studies have shown that in most, 
though not all, cancer types the presence of TAMs 
correlates with advanced tumor progression and 
poor prognosis (Bingle et al. 2002). Upon ablation 
of macrophages, for example by crossing MMTV- 
PyMT with CSF-1 KO mice, or by other means, tu- 


mor progression was slowed (Aharinejad et al. 2002; 
Lin et al. 2001). With regard to tumor angiogenesis, 
it is important to note that TAMs play an impor- 
tant role in the angiogenic switch, for instance by 
the secretion of VEGF-A, FGF2, NO, MMP7, MMP9, 
and uPA, which all support tumor cell proliferation 
and invasion or support angiogenesis by the release 
of bioactive VEGF-A from its latent matrix-bound 
forms (see above; Bergers et al. 2000; Hiratsuka et 
al. 2002). TAMs appear to concentrate in avascu- 
lar hypoxic hot spots, where they are induced to 
express VEGF-A (Eubank et al. 2003; Harris 2002). 
Altogether, the data show that inflammation creates 
a microenvironment that is highly supportive of tu- 
mor angiogenesis and tumor progression. Yet, the 
roles of and the interplay among the various inflam- 
matory cytokines and chemokines in the angiogenic 
switch are still only poorly understood. 


Endothelial Cell Signaling 


The fact that endothelial cells express a wide variety 
of growth factor and cytokine/chemokine receptors, 
and thus respond to numerous different growth fac- 
tors, cytokines andchemokines, raises the important 
question of how the various signals are integrated 
within the cell to respond by increased or decreased 
angiogenesis. While it is now well established that 
certain pro-angiogenic factors can make endothelial 
cells more responsive to additional pro-angiogenic 
activities and that anti-angiogenic factors reduce 
this responsiveness, the molecular processes that 
underlie the integration of such various signaling 
pathways and determine the net outcome are only 
poorly understood. First experiments towards the 
unraveling of the interplay between angiogenic fac- 
tors have revealed that, for instance, FGF2 stimula- 
tion of endothelial cells results in the upregulated 
expression of VEGF-R2, and VEGF-A can upregulate 
FGF-R expression. In addition, VEGF-A and FGF2 
can synergistically promote angiogenesis through 
enhancement of endogenous PDGF-B signaling in 


endothelial cells, also explaining the observed syn- 
ergistic effects between these two prototype angio- 
genic factors (Kano et al. 2005). Moreover, Ang-2 is 
known to keep endothelial cells responsive to ad- 
ditional angiogenic factors; in fact, Ang-2-treated 
endothelial cells require additional pro-angiogenic 
signals, for instance provided by VEGF-A, not only 
to induce proliferation, migration and tube forma- 
tion, but also to prevent apoptosis. Ang-1, in con- 
trast, has been found to induce maturation and to 
inhibit leakiness of the endothelium by reducing 
its responsiveness to angiogenic factors (Lobov et 
al. 2002; Thurston et al. 2000). In a similar man- 
ner, TGFB induces maturation and tube formation 
in endothelial cells cultured in three-dimensional 
matrices, yet induces apoptosis when cultured on 
plastic dishes, further underlining the importance 
of endothelial cell responsiveness to angiogenic sig- 
nals (Sankar et al. 1996). 

Subsequent efforts have addressed the suscepti- 
bility of endothelial and other vascular cells to an- 
giogenic effectors by studying signaling pathways 
involved in the angiogenic process. For example, 
ablation of PKB/Akt-1 kinase activity in PKB/Akt-1 
knockout mice resulted in a 40% increase of vas- 
cular density upon stimulation of endothelial cells 
with VEGF-A. However, the vessels in these mice 
appeared immature and leaky (Chen et al. 2005). 
In contrast, short-term inactivation of PKB/Akt-1 
can result in impaired angiogenesis, as shown in a 
model of hindlimb ischemia, indicating different 
roles of PKB/Akt-1 at different stages of angiogen- 
esis (Ackah et al. 2005), In addition, PKB/Akt-1 is 
also thought to modulate TSP1 expression in the 
endothelial cells themselves (Chen et al. 2005). The 
susceptibility of endothelial cells to pro-angiogenic 
signaling has also been studied in a mouse model 
carrying a PTEN knockout mutation specifically in 
endothelial cells. Heterozygous PTEN deficiency in 
endothelial cells was found to enhance tumor an- 
giogenesis by rendering the cells more responsive 
to VEGF-A. A similar mechanism may be important 
in human Cowden disease, a hereditary syndrome 
ar cancer susceptibility caused by a heterozygous 
PTEN mutation (Hamada et al. 2005). These experi- 
mental findings indicate that the angiogenic switch 
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is accompanied by an endothelial switch, a change 
in-signaling pathways and regulatory circuits which 
imggeases the susceptibility of endothelial cells to 
pro-angiogenic stimuli. 


Splitting Vessels in Two: Vascular Intussus- 
ception 


The intussusception of vessels is a mechanism of 
increasing vascular density by forming a new lon- 
gitudinal vessel wall in the lumen of a pre-existing 
vessel and thus doubling the vessel number (Burri 
et al. 2004). This process may play a role in the angio- 
genic switch during tumor progression. For exam- 
ple, although VEGF mainly induces sprouting an- 
giogenesis and increased vascular permeability, the 
treatment of chicken CAM with VEGF also results 
in a decreased intercapillary space due to enhanced 
vessel intussusception (Hagedorn et al. 2004). The 
exact pathways responsible for this phenomenon are 
not known yet, although an implication of VEGF 
and other pro-angiogenic factors seems plausible. 
Moreover, the role of intussusception in tumor an- 
giogenesis needs to be studied in more detail. 


Vascular Stem Cells and the Angiogenic 
Switch 


So far, we have discussed angiogenesis and its 
function in tumor progression. However, there 
are alternative mechanisms of generating new ves- 
sels, and Fig. 4.4 gives an overview of the different 
pathways in which the angiogenic switch and/or 
its effectors are involved. One major way to gen- 
erate new vessels, besides angiogenesis, is the de 
novo generation of blood vessels by vasculogen- 
esis. Tumors are capable of mobilizing bone mar- 
row-derived endothelial precursor cells, which then 
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Fig. 4.4. The angiogenic 
switch in tumor progres- 
sion. The angiogenic 
switch plays an impor- 
tant role in several steps 
of tumor progression. It 
promotes (1) the progres- 
sion of a small, avascular 
primary tumor to a large, 
vascular tumor, (2) the 
activation of a dormant 
lesion and (3) the pro- 
gression of micrometas- 
tases to overt macrome- 
tastases. Effector mol- 
ecules of the angiogenic 
switch also take part in 
vascular co-option and 
vasculogenesis 
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to be able to mobilize both kinds of stem cells in- 


migrate to the tumor and become incorporated R family, namely VEGF-R1. VEGF-A has been shown 


into the developing new tumor vasculature (Rafii 
et al. 2002). Such circulating endothelial precur- 
sor cells (CEPs) were first discovered 30 years ago 
and they were shown to possess the ability to repair 
injured denuded vasculature. CEPs express differ- 
ent cell surface markers, including CD133, CKCR4, 
CD146, c-kit and VEGF-R2 (Gill et al. 2001; Peichev 
et al. 2000; Solovey et al. 1997), The finding that CEPs 
express VEGF-R2 instigated the search for a role 
of VEGF in the recruitment of CEPs from the bone 
marrow. Interestingly, a subset of hematopoietic 
stem cells expresses another member of the VEGF- 


volved in tumor vasculogenesis (Hattori et al, 2001). 
Blocking the action of VEGF-A on both stem cells 
by inhibiting VEGF-R1 and VEGF-R2 resulted in an 
impaired recruitment of bone-marrow-derived en- 
dothelial and hematopoietic precursor cells (Lyden 
et al. 2001). This activity of VEGF-A was shown 
to be ablated in three different knockout mouse 
models (Id1+/-Id3-/-, MMP-9-/-, p130-/-p27+/A51), 
resulting in a defect of VEGF-induced expansion 
of VEGF-R1-positive myeloid cells and VEGF-R2- 
positive endothelial precursor cells. This underlines 


the importance of VEGF-mediated mobilization and 
expansion of hematopoietic and endothelial precur- 
sor cells in vasculogenesis (Heissig et al. 2002; Vidal 
et al. 2005). Placental growth factor (PIGF), a VEGF 
family member and specific ligand for VEGF-R1 (see 
corresponding chapter), has been shown to play a 
major role in the recruitment of CEPs to tumor tissue 
(Hattori et al. 2002). 

The collaboration of co-recruited CEPs and he- 
matopoietic stem cells is thought to facilitate the 
integration of CEPs into the rapidly growing tumor 
vasculature. In particular, a Tie2-expressing lineage 
of macrophages (TEM) has been identified which 
appears to be important for tumor vessel formation 
(De Palma et al. 2005). Various experiments have 
been performed to investigate the contribution of 
CEPs to tumor vasculogenesis. One approach was to 
induce endothelial differentiation of human adult 
multipotential progenitor cells (MAPCs) in vitro and 
to inject them into an immunocompromised mouse 
that carried a mouse Lewis lung carcinoma. After 5 
days, 30% of the endothelial cells of newly formed 
tumor-associated vessels originated from MAPC- 
derived human endothelial cells. MAPC-derived 
endothelial cells could also be detected in spontane- 
ously forming lymphomas of the same mice (Reyes 
et al. 2002). This and similar experiments underline 
the significant contribution of both vascular and he- 
matopoietic stem cells in the formation of tumor-as- 
sociated vessels. Together with other components of 
the tumor environment, vasculogenesis in general 
and CEPs in particular are targets for anti-tumor 
therapy. 


Conclusions 


Proliferating tumors need adequate blood perfu- 
sion to achieve sustainable growth. Tumors gain 
access to sufficient oxygen and nutrient supply by 
using one or more of four strategies: angiogenesis, 
vascular co-option, vasculogenesis and/or vascular 
mimicry. The angiogenic switch is the mechanism 
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by which angiogenesis is induced and sustained. 
Thereby, the onset of angiogenesis and its mainte- 
nance is governed by a finely tuned balance between 
pro-angiogenic and anti-angiogenic factors, which 
in turn depends on the regulation of tumor sup- 
pressor genes, oncogenes, transcriptional repressors 
and genes involved in cellular response to environ- 
mental and metabolic factors. Such effectors of the 
angiogenic switch also play a role in the processes 
of vascular co-option and vasculogenesis, although 
more experimental insights are certainly warranted. 
Moreover, new vessels that are induced by the an- 
giogenic switch are often immature and therefore 
functionally different from non-tumor-associated 
vessels, and, hence, the molecular mechanisms 
underlying the interplay between the various pro- 
and anti-angiogenic factors requires future atten- 
tion. Finally, the molecular pathways determining 
the responsiveness of endothelial cells to pro- and 
anti-angiogenic factors during the angiogenic switch 
need to be investigated in more detail. 

In summary, the importance of the angiogenic 
switch in the onset of angiogenesis has been docu- 
mented in experimental animal models and in hu- 
man cancer. Together, the results underline the 
notion that the angiogenic switch is a general mech- 
anism of tumor progression and therefore an impor- 
tant target for the development of innovative cancer 
therapies. 
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Abstract 


Inhibiting angiogenesis is a promising strategy 
to treat cancer and several other disorders, in- 
cluding intraocular neovascular syndromes. It 
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Neovascularization is essential also for physio- 
logical processes such as embryogenesis, tissue re- 
pair and reproductive functions (Folkman 1995). 
The development of the vascular tree initially oc- 
curs by “vasculogenesis”, the in situ differentia- 
tion of endothelial cell precursors, the angioblasts, 
from the hemangioblasts (Risau and Flamme 1995). 
The juvenile vascular system then evolves from the 
primary capillary plexus by subsequent pruning 
and reorganization of endothelial cells in a process 
called “angiogenesis” (Risau 1997). Several stud- 
ies suggest that incorporation of bone marrow-de- 
rived endothelial progenitor cells in the growing 
vessels complements the sprouting of resident en- 
dothelial cells (Asahara et al. 1997; Rafii et al. 2002; 
de Palma et al. 2003; Lyden et al. 2001; Ruzinova 
et al. 2003). Additionally, a subset of perivascular 
monocytes seems to be particularly important for 
new vessel growth (de Palma et al. 2005). 

Numerous potential angiogenic factors have 
been described over the past two decades (Klags- 
brun and d’Amore 1991; Yancopoulos et al. 2000). 
Much evidence indicates that vascular endothelial 
growth factor (VEGF) is a particularly important 
regulator of angiogenesis (Ferrara 2002). While 
new vessel growth and maturation are highly 
complex and coordinated processes, requiring the 
sequential activation of a series of receptors (e.g. 
Tiel, Tie2 and PDGFR-B) by numerous ligands in 
endothelial and mural cells (for recent reviews see 
Carmeliet 2003; Jain 2003), VEGF signaling often 
represents a rate-limiting step in angiogenesis. 
VEGF, referred to also as VEGF-A, is the prototype 
member of a gene family that includes placenta 
growth factor (PIGF) (Maglione et al. 1991, 1993), 
VEGF-B (Olofsson et al. 1996), VEGF-C (Joukov et 
al. 1996; Lee et al. 1996), and VEGF-D (Orlandini et 
al. 1996; Achen et al. 1998). The term VEGF will be 
used throughout this manuscript to refer to VEGF- 
A. Also, homologs of VEGF have been identified in 
the genome of the parapoxvirus Orf virus (Lyttle 
et al. 1994) and shown to have VEGF-like activities 
(Ogawa et al. 1998; Wise et al. 1999), VEGF-C and 
VEGF-D regulate lymphangiogenesis (Karkkainen 
et al. 2002; Stacker et al. 2002). 


Identification of VEGF 


Independent lines of research contributed to the dis- 
covery of VEGF, emphasizing the biological com- 
plexity of this molecule (Ferrara 2002). 

In 1983, Senger et al. described the partial purifi- 
cation from the conditioned medium of a guinea-pig 
tumor cell line of a protein able to induce vascular 
leakage in the skin, which was named "tumor vascu- 
lar permeability factor" (VPF) (Senger et al. 1983). The 
authors proposed that VPF could be a mediator of the 
high permeability of tumor blood vessels. However, 
these efforts did not yield the full purification of the 
VPF protein. The lack of amino acid sequence infor- 
mation precluded cDNA cloning and elucidation of 
the identity of VPF. Therefore, very limited progress 
in understanding the role of VPF took place over the 
following several years. 

In 1989, Ferrara and Henzel reported the isola- 
tion of a diffusible endothelial mitogen from me- 
dium conditioned by bovine pituitary follicular 
cells, which they named “vascular endothelial 
growth factor” (VEGF) (Ferrara and Henzel 1989). 
NH2-terminal amino acid sequencing of purified 
VEGF proved that this protein was distinct from 
the known endothelial cell mitogens and indeed did 
not match any known protein in available databases 
(Ferrara and Henzel 1989). Subsequently, Connolly 
et al. independently reported the isolation and se- 
quencing of VPF (Connolly et al. 1998). cDNA clon- 
ing of VEGF (Leung et al. 1989) and VPF (Keck et al. 
1989) reported also in 1989 revealed that VEGF and 
VPF were surprisingly the same molecule. 


Biological Activities of VEGF-A 


VEGF-A promotes the growth the of vascular endo- 
thelial cells derived from arteries, veins and lym- 
phatics (for review Ferrara and Davis-Smyth 1997). 
VEGF induces angiogenesis in tridimensional in 
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vitro models, inducing confluent microvascular 
endothelial cells to invade collagen gels and form 
capillary-like structures (Pepper et al. 1992, 1994). 
VEGF-A also induces angiogenesis in a variety of in 
vivo model systems (Ferrara 2004). 

VEGF-A is a survival factor for endothelial cells 
(Alon et al. 1995; Gerber et al. 1998a,b; Benjamin et 
al. 1999; Yuan et al. 1996). In vitro, VEGF prevents 
endothelial apoptosis induced by serum starvation. 
Such activity is mediated by the PI 3° kinase/Akt 
pathway (Gerber et al. 1998b; Fujio and Walsh 1999). 
Also, VEGF induces expression of the anti-apoptotic 
proteins Bcl-2, Al (Gerber et al. 1998a), and survivin 
(Tran et al. 2002) in endothelial cells In vivo, VEGF’s 
pro-survival effects are developmentally regulated. 
VEGF inhibition results in extensive apoptotic 
changes in the vasculature of neonatal, but not adult 
mice (Gerber et al. 1999). Furthermore, VEGF depen- 
dence has been demonstrated in endothelial cells of 
newly formed but not of established vessels within 
tumors (Benjamin et al. 1999; Yuan et al. 1996). Cov- 
erage by pericytes is one of the key events resulting in 
loss of VEGF-A dependence (Benjamin et al. 1999). 

Endothelial cells are the primary targets of VEGF- 
A, but several studies have reported mitogenic and 
non-mitogenic effects of VEGF-A also on certain 
non-endothelial cell types, including retinal pig- 
ment epithelial cells (Guerrin et al. 1995), pancreatic 
duct cells (Oberg-Welsh et al. 1997) and Schwann 
cells (Sondell et al. 1999). 

The earliest evidence that VEGF-A can affect my- 
eloid cells came from a report describing its ability to 
promote monocyte chemotaxis (Clauss et al. 1990). 
Subsequently, VEGF-A was reported to have hema- 
topoietic effects, inducing colony formation by ma- 
ture subsets of granulocyte-macrophage progenitor 
cells (Broxmeyer et al. 1995). Also, VEGF increased 
production of B cells and the generation of imma- 
ture myeloid cells (Khattori et al. 2001), Conditional 
gene-knockout technology has been employed to 
achieve selective VEGF gene ablation in bone mar- 
row cell isolates and hematopoietic stem cells (HSCs) 
(Gerber et al. 2002). VEGF deficient HSCs and bone 
marrow mononuclear cells failed to repopulate le- 
thally irradiated hosts, despite co-administration of 
a large excess of wild-type cells (Gerber et al. 2002). 


VEGF Isoforms 


The human VEGF-A gene is organized in eight ex- 
ons, separated by seven introns (Houck et al. 1991; 
Tischer et al. 1991) and is localized in chromosome 
6p21.3 (Vincenti et al. 1996). Alternative exon splic- 
ing results in the generation of four different iso- 
forms, having respectively 121, 165, 189 and 206 
amino acids following signal sequence cleavage 
(VEGF,5,, VEGF,¢5, VEGF, go, VEGF 4) (Houck et 
al. 1991; Tischer et al. 1991). VEGF,,;, the predomi- 
nant isoform, lacks the residues encoded by exon 6, 
while VEGF,,, lacks the residues encoded by exons 
6 and 7. Less frequent splice variants have been also 
reported, including VEGF,,; (Poltorak et al. 1997), 
VEGF,,, (Jingjing et al. 1999), VEGF162 (Lange et 
al. 2003) and VEGF,,;,, a variant reported to have 
an inhibitory effect on VEGF-induced mitogenesis 
(Bates et al. 2002). 

Native VEGF is a heparin-binding homodimeric 
glycoprotein of 45 kDa (Ferrara and Henzel 1989). 
Such properties closely correspond to those of 
VEGF,,;, which is now recognized as being the ma- 
jor VEGF isoform (Houck et al. 1992). 

VEGF,,, is an acidic polypeptide that fails to bind 
to heparin (Houck et al. 1992). VEGF, g, and VEGF 496 
are highly basic and bind to heparin with high af- 
finity (Houck et al. 1992). VEGF,,, is a freely diffus- 
ible protein. In contrast, VEGF),, and VEGF. are 
almost completely sequestered in the extracellular 
matrix (ECM). VEGF,,; has intermediate properties, 
since it is secreted but a significant fraction remains 
bound to the cell surface and ECM (Park et al. 1993). 
The ECM-bound isoforms may be released in a dif- 
fusible form by heparin or heparinase, which dis- 
places them from their binding to heparin-like moi- 
eties, or by plasmin cleavage at the COOH terminus 
which generates a bioactive fragment consisting of 
the first 110 NH,-terminal amino acids (Houck et 
al. 1992). Given the important role of plasminogen 
activation during physiological and pathological 
angiogenesis processes (Pepper 2001), this proteo- 
lytic mechanism can be particularly important in 
regulating locally the activity and bioavailability of 
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VEGF. More recent studies have shown that matrix 
metalloproteinase (MMP)-3 can also cleave VEGF ,,; 
to generate non-heparin-binding, bioactive proteo- 
lytic fragments (Lee et al. 2005). 


Regulation of VEGF Gene Expression 


5.5.1 
Oxygen Tension 


Oxygen tension plays a key role in regulating the 
expression of a variety of genes including VEGF 
(Safran and Kaelin 2003). HIF-1 is a key mediator 
of hypoxic responses. HIF-1 is a basic, heterodi- 
meric, helix-loop-helix protein consisting of two 
subunits, HIF-1œ and aryl hydrocarbon receptor 
nuclear translocator (ARNT), known also as HIF-18 
(Wang and Semenza 1995). In response to hypoxia, 
HIEF-1 binds to specific enhancer elements, resulting 
in increased gene transcription. Recent studies have 
demonstrated the critical role of the product of the 
von Hippel-Lindau (VHL) tumor suppressor gene 
in HIF-1-dependent hypoxic responses (Mole et al. 
2001). The VHL gene is inactivated in patients with 
von Hippel-Lindau disease and in most sporadic 
clear cell renal carcinomas (Lonser et al. 2003). Ear- 
lier studies indicated that a function of the VHL 
protein is to provide negative regulation of VEGF 
and other hypoxia-inducible genes (Iliopoulos et 
al. 1996). Recent studies demonstrated that one of 
the functions of VHL is to be part of a ubiquitin 
ligase complex that targets HIF subunits for protea- 
somal degradation following covalent attachment of 
a polyubiquitin chain (Jaakkola et al. 2001; Ivan et 
al. 2001). Oxygen promotes the hydroxylation of HIF 
at a proline residue, a requirement for the associa- 
tion with VHL (Jaakkola et al. 2001; Ivan et al. 2001). 
Recently, a family of prolyl hydroxylases related to 
Egl-9 gene product of Caenorhabditis elegans were 
identified as HIF prolyl hydroxylases (Safran and 


Kaelin 2003; Maxwell and Ratcliffe 2002; Pugh and 
Ratcliffe 2003). 


5.5.2 
Growth Factors, Hormones and Oncogenes 


Several growth factors, including EGF, TGF-«, TGF-B, 
KGF, IGF-1, FGF and PDGF, upregulate VEGF mRNA 
expression (Frank et al. 1995; Pertovaara et al. 1994; 
Warren et al. 1996), suggesting that paracrine or au- 
tocrine release of such factors cooperates with local 
hypoxia in regulating VEGF release in the microen- 
vironment. Also, inflammatory cytokines such as in- 
terleukin (IL)-1a and IL-6 induce expression of VEGF 
in several cell types, including synovial fibroblasts 
(Ben-Av et al. 1995; Cohen et al. 1996). 

Hormones are also important regulators of VEGF 
gene expression. Thyroid-stimulating hormone has 
been shown to induce VEGF expression in several 
thyroid carcinoma cell lines (Soh et al. 1996). Shifren 
et al. have also shown that adrenocorticotropic hor- 
mone (ACTH) is able to induce VEGF expression in 
cultured human fetal adrenal cortical cells, suggesting 
that VEGF may be a local regulator of adrenal corti- 
cal angiogenesis and a mediator of the tropic action of 
ACTH (Shifren et al. 1998). Gonadotropins have been 
shown to be inducers of VEGF transcription in the 
ovary, both in vivo (Shweiki et al. 1993; Ferrara et al. 
1998) and in vitro (Christenson and Stouffer 1997). 

A variety of transforming events also result in in- 
duction of VEGF gene expression. Oncogenic muta- 
tions or amplification of ras lead to VEGF upregula- 
tion (Grugel et al. 1995; Okada et al. 1998), Mutations 
in the wnt-signaling pathway, which are frequently 
associated with pre-malignant colonic adenomas, 
result in upregulation of VEGF (Zhang et al. 2001). 
Interestingly, VEGF is upregulated in polyps of Apc 
knockout [Apc(Delta716)] mice, a model for human 
familial adenomatous polyposis (Seno et al. 2002). In 
both benign and malignant mouse intestinal tumors, 
stromal expression of COX-2 results in elevated PGE2 
levels, which stimulate in turn cell surface receptor 
EP2, followed by induction of VEGF and angiogenesis 
(Seno et al. 2002; Williams et al. 2000; Sonoshita et 
al. 2001). 
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VEGF Receptors 


VEGF binding sites were originally identified 
on the cell surface of vascular endothelial cells, 
in vitro (Plouet and Moukadiri 1990; Vaisman et 
al. 1990) and in vivo (Jakeman et al. 1992, 1993). 
Subsequently, VEGF receptors were shown to exist 
also in bone marrow-derived cells such as mono- 
cytes and macrophages (Shen et al. 1993). VEGF 
binds two highly related receptor tyrosine kinases 
(RTKs), VEGFR-1 and VEGFR-2. Both VEGFR-1 and 
VEGFR-2 have seven immunoglobulin (Ig)-like do- 
mains in the extracellular domain, a single trans- 
membrane region, and a consensus tyrosine kinase 
sequence which is interrupted by a kinase-insert 
domain (Shibuya et al. 1990; Terman et al. 1991). 

A member of the same family of RTKs is VEGFR- 
3 (Flt-4) (Pajusola et al. 1993), which, however, is 
not a receptor for VEGF-A, but binds the lymphan- 
giogenic factors VEGF-C and VEGF-D (Karkkainen 
et al. 2002). In addition, as described below, VEGF 
interacts with a family of coreceptors, the neuro- 
pilins. 


5.6.1 
VEGFR-1(FIt-1) 


Although Flt-1 (fms-like tyrosine kinase) was the 
first RTK to be identified as a VEGF receptor over 
a decade ago (de Vries et al. 1992), the precise 
function of this molecule is still subject to debate. 
Recent evidence indicates that the conflicting re- 
ports may be due, at least in part, to the fact that 
VEGFR-1 functions and signaling properties can 
differ depending on the developmental stage and 
the cell type, e.g. endothelial versus non-endothe- 
lial cells. VEGFR-1 expression is upregulated by 
hy poxia via a HIF-1-dependent mechanism (Gerber 
et al. 1997). VEGFR-1 binds not only VEGF-A but 
also PIGF (Park et al. 1994) and VEGEF-B (Olofsson 
et al. 1998), which fail to bind VEGFR-2. An alter- 
natively spliced soluble form of VEGFR-1 (sFlt-1) 
has been shown to be an inhibitor of VEGF activ- 


ity (Kendall and Thomas 1993). The binding site 
for VEGF (and PIGF) has been mapped primarily 
to the second Ig-like domain (Davis-Smyth et al. 
1996, 1998; Barlon et al. 1997). Flt-1 reveals a weak 
tyrosine autophosphorylation in response to VEGF 
(de Vries et al. 1992; Waltenberger et al. 1994). Park 
et al. initially proposed that VEGFR-1 may be not 
primarily a receptor transmitting a mitogenic sig- 
nal, but rather a “decoy” receptor, able to regulate 
in a negative fashion the activity of VEGF on the 
vascular endothelium, by sequestering this factor 
and rendering it less available to VEGFR-2 (Park 
et al. 1994). Thus, the observed potentiation of the 
action of VEGF by PIGF could be explained, at least 
in part, by displacement of VEGF from VEGFR- 
1 binding (Park et al. 1994). Recent studies have 
shown that indeed synergy exists between VEGF 
and PIGF in vivo, especially during pathological 
situations, as evidenced by impaired tumorigenesis 
and vascular leakage in Plgf/- mice (Carmeliet et 
al. 2001). Gille et al. have identified a repressor mo- 
tif in the juxtamembrane region of VEGFR-1 that 
impairs PI-3 kinase activation and endothelial cell 
migration in response to VEGF (Gille et al. 2000). 
Regardless of the conflicting evidences on the role 
of VEGFR-1 as a signaling receptor, gene targeting 
studies have demonstrated the essential role of this 
molecule during embryogenesis. VEGFR-!~"" mice 
die in utero between day 8.5 and day 9.5 (Fong et 
al. 1995, 1999). Endothelial cells develop but fail 
to organize in vascular channels. Excessive pro- 
liferation of angioblasts has been reported to be 
responsible for such disorganization and lethality 
(Fong et al. 1999), indicating that, at least during 
early development, VEGFR-1 is a negative regula- 
tor of VEGF action. It appears that VEGFR-1 has a 
dual function in angiogenesis, acting in a positive 
or negative manner in different circumstances. Re- 
cently, VEGFR-1 signaling has been also linked to 
the induction of MMP-9 in lung endothelial cells 
and to the facilitation of lung metastases (Hirat- 
suka et al. 2002). 

Several studies have emphasized the effects of 
VEGFR-1 in hematopoiesis and recruitment of 
bone marrow-derive angiogenic cells. VEGFR-1 ac- 
tivation by PIGF reconstitutes hematopoiesis by re- 
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cruiting VEGFR-1* HSC (Hattori et al. 2002). In ad- 
dition, VEGFR-1 activation by enforced expression 
of PIGF rescues survival and ability to repopulate in 
VEGE~'- HSC (Gerber et al. 2002). LeCouter et al. 
recently provided evidence for a novel function 
of VEGFR-1 in liver sinusoidal endothelial cells 
(LSECs). VEGFR-1 activation achieved with a re- 
ceptor-selective VEGF mutant or PIGF resulted in 
the paracrine release of HGF, IL-6 and other hepa- 
totrophic molecules by LSECs, to the extent that 
hepatocytes were stimulated to proliferate when 
co-cultured with LSECs (LeCouter et al. 2003). 


5.6.2 
VEGEFR-2 (KDR, Human; FIk-1, Mouse) 


VEGFR-2 binds VEGF-A (kd 75-250 pM vs 25 pM) 
(Terman etal. 1992; Quinn et al. 1993; Millauer et al. 
1993). The key role of this receptor in developmen- 
tal angiogenesis and hematopoiesis is evidenced by 
lack of vasculogenesis and failure to develop blood 
islands and organized blood vessels in Flk-1 null 
mice, resulting in death in utero between day 8.5 
and day 9.5 (Shalaby et al. 1995). There is now agree- 
ment that VEGFR-2 is the major mediator of the 
mitogenic, angiogenic and permeability-enhancing 
effects of VEGF. 

VEGFR-2 undergoes dimerization and strong 
ligand-dependent tyrosine phosphorylation in in- 
tact cells, resulting in a mitogenic, chemotactic 
and pro-survival signal. Several tyrosine residues 
have been shown to be phosphorylated (for review 
see Matsumoto and Claesson-Welsh 2001). Taka- 
hashi et al. have shown that Y1175 and Y1214 are 
the two major VEGF-A-dependent autophosphory- 
lation sites in VEGFR-2. However, only autophos- 
phorylation of Y1175 is crucial for VEGF-depen- 
dent endothelial cell proliferation (Takahashi et al. 
2001). VEGFR-2 activation induces endothelial cell 
growth by activating the Raf-Mek-Erk pathway. An 
unusual feature of VEGFR-2 activation of this path- 
way is the requirement for protein kinase C but not 
ras (Takahashi et al. 1999; Wu et al. 2000). VEGF 
mutants that bind selectively to VEGFR-2 are fully 
active endothelial cell mitogens, chemoattractants 


and permeability-enhancing agents, whereas mu- 
tants specific for VEGFR-1 are devoid of all three 
activities (Gille et al. 2001). Also, VEGF-E, a ho- 
mologue of VEGF identified in the genome of the 
parapoxvirus Orf virus (Lyttle et al. 1994), which 
shows VEGF-like mitogenic and permeability-en- 
hancing effects, binds and activates VEGFR-2 but 
fails to bind VEGFR-1 (Ogawa et al. 1998; Wise et 
al. 1999). 


5.6.3 
Neuropilin 1 and Neuropilin 2 


Certain tumor and endothelial cells express cell- 
surface VEGF binding sites distinct from the two 
known VEGF RTKs (Soker et al. 1996). VEGF,,, fails 
to bind these sites, indicating that exon-7-encoded 
basic sequences are required for binding to this 
putative receptor (Soker et al. 1996). Soker et al. 
(1998) identified such isoform-specific VEGF recep- 
tor as neuropilin 1 (NRP1), a molecule that had been 
previously shown to bind the collapsin/semaphorin 
family and was implicated in neuronal guidance 
(for review see Neufeld et al. 2002). When co-ex- 
pressed in cells with VEGFR-2, NRP1 enhanced the 
binding of VEGF,,; to VEGFR-2 and VEGF, ,;-medi- 
ated chemotaxis (Soker et al. 1998). NRP1 appears 
to present VEGF,,, to the VEGFR-2 in a manner 
that enhances the effectiveness of VEGFR-2-medi- 
ated signal transduction (Soker et al. 1998). Bind- 
ing to NRP1 may contribute to explain the greater 
mitogenic potency of VEGF,,; relative to VEGF,,). 
So far there is no clear evidence that NRPI or the 
related NRP2 signals subsequent VEGF binding 
(Neufeld et al. 2002). In contrast, in response to 
semaphorin binding, NRP1 and NRP2 signals axon 
repulsion. The formation of complexes with plex- 
ins is a requirement for NRP signaling in neurons 
(Tamagnone et al. 1999; Bagri and Tessier-Lavigne 
2002). The role of NRP1 in the development of the 
vascular system has been demonstrated by gene 
targeting studies, showing embryonic lethality in 
null mice (Kawasaki et al. 1999). Also, other studies 
have linked NRP2 to lymphatic vessel development 
(Yuan et al. 2002). More recent studies show that 
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NRP1 and NRP2 are expressed on the cell surface 
of several tumor cell lines which bind VEGF,,; 
and display a chemotactic response to this ligand, 
suggesting a pro-tumor activity of NRPs, with or 
without the involvement of VEGF RTK signaling 
(Klagsbrun and Eichmann 2005). 


Role of VEGF in Physiological Angiogenesis 


Two studies have demonstrated an essential role of 
VEGF-A in embryonic vasculogenesis and angio- 
genesis in the mouse (Carmeliet et al. 1996; Ferrara 
et al. 1996). Inactivation of a single VEGF allele re- 
sulted in embryonic lethality between day 11 and 12. 
The vegf*’- embryos exhibited a number of develop- 
mental anomalies, defective vascularization in sev- 
eral organs and a reduced number of nucleated red 
blood cells within the blood islands in the yolk sac, 
indicating that VEGF regulates both vasculogenesis 
and early hematopoiesis. These findings indicate a 
critical VEGF-A gene-dosage dependence during de- 
velopment. Among the other members of the VEGF 
gene family, only VEGF-C plays an essential role in 
development; its inactivation results in embryonic 
lethality following defective lymphatic development 
and fluid accumulation in tissues (Karkkainen et 
al. 2003). 

VEGF-A plays an important role in early postna- 
tal life. Administration of a soluble VEGFR-1 chime- 
ric protein (Gerber et al. 1999) results in growth ar- 
rest when the treatment is initiated at day 1 or day 8 
postnatally. Such treatment is also accompanied by 
lethality, primarily due to inhibition of glomerular 
development and kidney failure (Gerber et al. 1999). 
The key role of VEGF in kidney development was 
also demonstrated by a very recent study showing 
that selective VEGF deletion in podocytes, using a 
Nephin promoter-driven Cre recombinase, leads to 
glomerular disease in a gene dosage-dependent fash- 
ion (Eremina et al. 2003). However, VEGF neutral- 
ization in fully developed normal mice (Gerber et al. 
1999) or rats (Ostendorf et al. 1999) had no marked 


effects on glomerular function. In contrast, VEGF 
inhibition in adult rats with mesangioproliferative 
nephritis led to a reduction of glomerular endothe- 
lial regeneration and an increase in endothelial cell 
death, indicating that VEGF may be important for 
glomerular endothelial cell repair following injury, 
but not for endothelial survival in a healthy animal 
(Ostendorf et al. 1999). 

Endochondral bone formation is a fundamental 
mechanism for longitudinal bone growth. Cartilage, 
an avascular tissue, is replaced by bone in a pro- 
cess named endochondral ossification (Poole 1991). 
VEGF-A mRNA is expressed by hypertrophic chon- 
drocytes in the epiphyseal growth plate, suggest- 
ing that a VEGF gradient is needed for directional 
growth and cartilage invasion by metaphyseal blood 
vessels (Gerber et al. 1999; Carlevaro et al. 2000). 
Following VEGF blockade, blood vessel invasion is 
almost completely suppressed, concomitant with 
impaired trabecular bone formation, in developing 
mice and primates (Gerber et al. 1999; Ryan et al. 
1999). Although proliferation, differentiation and 
maturation of chondrocytes were apparently nor- 
mal, resorption of hypertrophic chondrocytes was 
inhibited, resulting in a marked expansion of the 
hypertrophic chondrocyte zone. 

Angiogenesis is a key aspect of normal cyclical 
ovarian function. Follicular growth and the devel- 
opment of the corpus luteum (CL) are dependent on 
the proliferation of new capillary vessels (Bassett 
1943). After blood vessel growth, the blood vessels 
regress, suggesting the coordinated action of induc- 
ers as well as inhibitors of angiogenesis in the course 
of the ovarian cycle (Goede et al. 1998; Maisonpierre 
et al. 1997). 

Previous studies have shown that the VEGF-A 
mRNA expression is temporally and spatially re- 
lated to the proliferation of blood vessels in the 
ovary (Phillips et al. 1990; Ravindranath et al. 1992). 
Administration of VEGF inhibitors delays follicular 
development (Zimmermann et al. 2001a) and sup- 
presses luteal angiogenesis in rodents (Ferrara et al. 
1998; Zimmermann et al. 2001b) as well as in pri- 
mates (Ryan et al. 1999; Fraser et al. 2000). These 
studies have established that VEGF isa key regulator 
of reproductive angiogenesis. 
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Role of VEGF in Pathologic Conditions 


5.8.1 
Tumor Angiogenesis 


5.8.1.1 
Preclinical Studies 


A wide variety of tumor cell lines secrete VEGF-A in 
vitro (Ferrara et al. 1992). In situ hybridization stud- 
ies have shown that the VEGF mRNA is expressed in 
the majority of human tumors, including carcino- 
mas of the lungs (Volm et al. 1997), breast (Brown 
et al. 1995; Yoshiji et al. 1996), gastrointestinal tract 
(Suzuki et al. 1996; Ellis et al. 1998; Uchida et al. 
1998), kidney (Brown et al. 1993; Nicol et al. 1997; 
Tomisawa et al. 1999), bladder (Brown et al. 1993), 
ovary (Sowter et al. 1997; Yamamoto et al. 1997) and 
endometrium (Guidi et al. 1996) and intracranial 
tumors such as glioblastoma multiforme (Shweiki 
et al. 1992; Plate et al. 1992; Phillips et al. 1993) and 
capillary hemangioblastoma (Berkman et al. 1993; 
Wizigmann Voos et al. 1995). 

In 1993, it was reported that a monoclonal an- 
tibody targeting VEGF-A inhibited the growth of 
several tumor cell lines in nude mice, while it had 
no effect on the proliferation of tumor cells in vi- 
tro (Kim et al. 1993). Subsequently, other tumor cell 
lines were found to be inhibited in vivo by anti-VEGF 
monoclonal antibodies (Warren et al. 1995; Melnyk 
et al. 1996; Asano et al. 1995; Borgstrom et al. 1996, 
1998, 1999; Mesiano et al. 1998). For a recent review, 
see Gerber et al. (2005). Tumor growth inhibition 
was demonstrated also with other anti-VEGF treat- 
ments, including a retrovirus-delivered dominant 
negative VEGFR-2 mutant (Millauer et al. 1994), 
small-molecule inhibitors of VEGFR-2 signaling 
(Wood et al. 2000; Wedge et al. 2000), anti-VEGFR- 
2 antibodies (Prewett et al. 1999) and soluble VEGF 
receptors (Goldman et al. 1998; Gerber et al. 2000; 
Kuo et al. 2001; Holash et al. 2002). 

While tumor cells usually represent the major 
source of VEGF, tumor-associated stroma is also an 


importantsite of VEGF production (Gerber etal.2000; 
Tsuzuki et al. 2000; Kishimoto et al. 2000). Recent 
studies have shown that tumor-derived PDGF-A may 
be important for the recruitment of an angiogenic 
stroma which produces VEGF-A (Dong et al. 2004; 
Tejada et al. 2006). 

Cre-LoxP-mediated gene targeting has been used 
to show that VEGF inactivation suppresses tumor an- 
giogenesis in the Rip-Tag model, a well-established 
genetic model of insulinoma (Inoue et al. 2002). 

Several studies have shown that combining anti- 
VEGF treatment with chemotherapy (Klement et al. 
2000) or radiation therapy (Lee et al. 2000; (Lee et 
al. 2000; Kozin et al. 2001) results in a greater anti- 
tumor effect than either treatment alone. Various 
hypotheses have been put forward regarding the 
mechanism of such potentiation. Klement et al. pro- 
posed that chemotherapy, especially when delivered 
at close regular intervals using relatively low doses, 
with no prolonged drug-free periods (“metronomic 
therapy”), preferentially damages endothelial cells 
in tumor blood vessels and that the simultaneous 
blockade of VEGF-A blunts a survival signal for en- 
dothelial cells, thus amplifying the endothelial cell 
targeting effects of chemotherapy (Klement et al. 
2000). A similar process, in principle, may take place 
when combining more conventional maximum tol- 
erated dose chemotherapy regimens. 

An alternative hypothesis has been proposed by 
Jain (2005). Anti-angiogenic agents would “normal- 
ize” the abnormal vasculature that is characteristic 
of many vessels in tumors, resulting in pruning of 
excessive endothelial and perivascular cells, in a 
drop in the normally high interstitial pressures de- 
tected in solid tumors, and temporarily improved 
oxygenation and delivery of chemotherapy to tumor 
cells (Jain 2005). 


5.8.1.2 
Clinical Trials in Cancer Patients with 
VEGF Inhibitors 


Several VEGF inhibitors are in clinical development 
as anti-cancer agents. These include a humanized 
anti-VEGF monoclonal antibody (bevacizumab; 
Avastin™) (Presta et al. 1997), an anti-VEGFR-2 an- 
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tibody (Prewett et al. 1999), various small molecules 
inhibiting VEGFR-2 signal transduction (Wood et 
al. 2000; Wedge et al. 2000) and a VEGF receptor 
chimeric protein (Holash et al. 2002). For recent re- 
views, see Gasparini et al. (2005), Ferrara and Kerbel 
(2005) and Jain et al. (2006). 

Based on a survival advantage conferred by the 
addition of bevacizumab to irinotecan, 5-fluoroura- 
cil and leucovorin (IFL) to patients with previously 
untreated metastatic colorectal cancer (Hurwitz et 
al. 2004), bevacizumab was approved by the FDA 
on 26 February 2004 as a first-line treatment for 
metastatic colorectal cancer in combination with 
5-fluorouracil-based chemotherapy regimens (El- 
lis 2005). The role of bevacizumab in other tumor 
types and settings is currently under investigation, 
and phase III clinical trials in non-small cell lung 
cancer (NSCLC), renal cell cancer and metastatic 
breast cancer are ongoing. An interim analysis of a 
phase III study of women with previously untreated 
metastatic breast cancer treated with bevacizumab 
in combination with weekly paclitaxel chemother- 
apy showed that the study met its primary efficacy 
endpoint of improving progression-free survival 
compared to paclitaxel alone. 

Also, administration of bevacizumab in combina- 
tion with paclitaxel and carboplatin to patients with 
NSCLC resulted in increased response rate and time 
to progression relative to chemotherapy alone in a 
randomized phase II trial (Johnson et al. 2004). The 
most significant adverse event was serious hemop- 
tysis. This was primarily associated with centrally 
located tumors with squamous histology, cavitation 
and central necrosis and proximity of disease to 
large vessels (Johnson et al. 2004). 

Besides bevacizumab, several other types of 
VEGF inhibitors are being developed (reviewed in 
Gasparini et al. 2005 and Ferrara and Kerbel 2005). 
Among these, a variety of small-molecule RTK in- 
hibitors targeting the VEGF receptors are at dif- 
ferent stages of clinical development. The most ad- 
vanced are SU11248 and Bay 43-9006 (sorafenib). 
$U11248 inhibits VEGFRs, PDGFR, c-kit and Flt-3 
(Smith et al. 2004) and has been reported to have ef- 
ficacy in imatinib-resistant gastrointestinal stromal 
tumor. $U11248 has been approved by the FDA for 


the treatment of Gleevec-resistant gastrointestinal 
stromal tumor (GIST) and metastatic renal cell car- 
cinoma (Motzer et al. 2006). In 2006, sorafenib was 
approved by the FDA for the treatment of metastatic 
renal cell carcinoma. 


5.8.2 
Intraocular Neovascular Syndromes 


The expression of VEGF mRNA is spatially and 
temporally correlated with neovascularization in 
several animal models of retinal ischemia (Alon et 
al. 1995; Miller et al. 1994; Pierce et al. 1996). This 
is consistent with the fact that VEGF-A gene expres- 
sion is upregulated by hypoxia, via HIF-dependent 
transcriptional activation (Safran and Kaelin 2003). 
In 1994 it was reported that VEGF-A are elevated in 
the aqueous and vitreous humor of human eyes with 
proliferative retinopathy secondary to diabetes and 
other conditions (Aiello et al. 1994; Malecaze et al. 
1994). Subsequently, animal studies using various 
VEGF inhibitors, including soluble VEGF receptor 
chimeric proteins (Aiello et al. 1995), monoclonal 
antibodies (Adamis et al. 1996), antisense oligonu- 
cleotides (Robinson et al. 1996) and small molecule 
VEGEFR-2 kinase inhibitors (Ozaki et al. 2000), have 
directly demonstrated the role of VEGF as a media- 
tor of ischemia-induced intraocular neovasculariza- 
tion. 

Age-related macular degeneration (AMD) is the 
most common cause of severe, irreversible vision loss 
in older adults (Congdon et al. 2004). AMD is clas- 
sified into nonexudative (dry) and exudative (wet or 
neovascular) disease. Although the exudative form 
accounts for approximately 10-20% of cases, it is re- 
sponsible for 80-90% of the visual loss associated 
with AMD (Ferris et al. 1984). Neovascular lesions 
in AMD are classified using fluorescein angiography 
(Barbazetto et al. 2003). Pharmacologic therapies for 
neovascular AMD currently available in the US in- 
clude verteporfin (Visudyne®) photodynamic ther- 
apy (Photodynamic Therapy of Subfoveal Choroidal 
Neovascularization 1999), which is approved only 
for predominantly classic lesions (50% or more of 
the lesion consists of classic choroidal neovascular- 
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ization), and pegaptanib sodium (Macugen®) (Gra- 
goudas et al. 2004), which is approved for all types 
of neovascular AMD. Although both treatments can 
slow the progression of vision loss, only a small pro- 
portion of the treated patients experience any im- 
provement in visual acuity. 


5.8.2.1 
Clinical Studies of Anti-VEGF Therapy for Neovascu- 
lar AMD 


Pegaptanib sodium and ranibizumab (Lucentis®) 
are the first ocular anti-VEGF treatments evaluated 
in large, randomized, controlled clinical trials for 
the treatment of neovascular AMD. Both are admin- 
istered locally by intravitreal injection. 

Pegaptanib sodium is a pegylated oligonucleotide 
aptamer that binds to and inactivates VEGF,,;, and 
was approved in 2004 for the treatment of all angi- 
ographic subtypes of neovascular AMD (211). Ina 
combined analysis of the VISION trials - two identi- 
cal, large, controlled, double-masked, randomized, 
multicenter clinical trials involving patients with all 
CNV lesion types - 70% of subjects treated with the 
dose of 0.3 mg lost <15 letters at 1 year (the primary 
endpoint) compared with 55% for the sham injection 
group (P<0.001) (Gragoudas et al. 2004). Patients in 
the 0.3 mg pegaptinib sodium group on average lost 
approximately 8 letters at 1 year, compared with a 
loss of approximately 15 letters in the sham injection 
group (P<0.002). 

Ranibizumab is a recombinant, humanized 
monoclonal antibody fragment (Fab) that binds to 
and neutralizes the biological activities of all known 
human VEGF isoforms, as well as the proteolytic 
cleavage product VEGF,,, (Houck et al. 1992; Chen et 
al. 1999). Ranibizumab is currently being evaluated 
in two large, phase III, multicenter, randomized, 
double-masked, controlled pivotal trials in differ- 
ent neovascular AMD patient populations (Ferrara 
et al. 2006). 

The MARINA trial randomized 716 patients in the 
USA with minimally classic or occult without clas- 
sic subfoveal CNV to one of three treatment arms: 
monthly sham injections, monthly intravitreal in- 
jections of 0.3 mg ranibizumab, or monthly intra- 


vitreal injections of 0.5 mg ranibizumab (Rosenfeld 
et al. 2006). In the primary analysis at 1 year, the 
study met its primary endpoint, with significantly 
fewer ranibizumab subjects than sham-injected pa- 
tients losing <15 letters. On average at 1 year, visual 
acuity scores for ranibizumab-treated subjects were 
greater than at baseline while visual acuity scores 
for sham-injection subjects were worse. A signifi- 
cantly larger proportion of subjects treated with 
ranibizumab gained 15 letters at 1 year than in the 
sham-injection group. Key serious ocular adverse 
events occurring more frequently in ranibizumab- 
treated subjects included uveitis and endophthalmi- 
tis and were uncommon. Regarding key non-ocular 
serious adverse events, the frequency of myocardial 
infarctions was similar among the groups. Results 
through complete 2-year follow-up show that the 
visual acuity benefits observed at 1 year were main- 
tained through the 2nd year and that the cumulative 
2-year safety profile was similar to that observed at 1 
year (Rosenfeld et al. 2006). 


5.8.2.2 
Other Anti-VEGF Therapies in Clinical Development 


A number of other molecules targeting VEGF and 
its signaling pathway are in early stages of clini- 
cal development for the treatment of neovascular 
AMD. VEGF-Trap is a fusion protein combining the 
extracellular domains of VEGF receptors 1 and 2 
with the Fe portion of an immunoglobulin to bind 
and inactivate VEGF (Holash et al. 2002). Also, be- 
vacizumab is not being developed for the treatment 
of neovascular AMD but is nevertheless being used 
off-label for therapy of neovascular AMD (Michels 
et al. 2005; Rosenfeld et al. 2005). 


Perspectives 


Research conducted over the past 15 years has 
clearly established that the VEGF family plays an 
essential role in the regulation of embryonic and 
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postnatal physiologic angiogenesis processes, such 
as normal growth processes (Gerber et al. 1999a,b) 
and cyclical ovarian function (Ferrara et al. 1998). 
Furthermore, VEGF inhibition has been shown to 
suppress pathological angiogenesis in a wide vari- 
ety of preclinical models, including genetic models 
of cancer, leading to the clinical development of a 
variety of VEGF inhibitors. Definitive clinical stud- 
ies have provided proof that VEGF inhibition, using 
bevacizumab in combination with chemotherapy, 
may provide a significant clinical benefit, includ- 
ing increased survival, in patients with previously 
untreated metastatic colorectal cancer (Hurwitz et 
al. 2004). Ongoing clinical studies are testing the 
hypothesis that bevacizumab may have efficacy in 
other tumor types as well. 

It would be of great importance to have reliable 
markers to monitor the activity of anti-angiogenic 
drugs. So far, the absence of such biomarkers may 
have impaired clinical development of various anti- 
angiogenic drugs. Potential candidates include 
circulating endothelial cells and their progenitor 
subset, as well as MRI dynamic measurement of 
vascular permeability/flow in response to angiogen- 
esis inhibitors, although the long-term predictive 
value of these approaches remains to be established 
(Morgan et al. 2003; Willett et al. 2004; Shaked et al. 
2005). Finally, therapeutic angiogenesis constitutes 
a promising approach for the treatment of isch- 
emic disorders such as coronary or limb ischemia. 
However, in spite of extensive preclinical and clini- 
cal studies, there is still no proof of clinical efficacy 
from any pro-angiogenic treatment (Simons 2005). 
Therefore, it appears that numerous issues need to 
be resolved before this field may advance in a sig- 
nificant manner. 
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Abstract 


Following the VEGF/VEGFR system, the 
interaction of angiopoietin ligands (Ang) 
with their corresponding Tie recep- 
tor was identified in 1996/97 as the sec- 
ond vascular-specific receptor tyrosine 
kinase signaling system (Suri et al. 1996; 
Davis et al. 1996; Maisonpierre et al. 1997). 
Ang/Tie signaling is believed to have im- 
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portant translational therapeutic pros- 
pects, and screening programs aimed at 
identifying low-molecular-weight Tie-2 
inhibitors are being widely pursued in the 
pharmaceutical industry. Nevertheless, 
even after almost 10 years of angiopoietin 
research, the Ang/Tie system is molecu- 
larly and functionally poorly understood 
and therapeutic applications are far from 
being solidly validated. 


The Tie Receptors 


The Tie receptors, Tiel and Tie2, were identified in 
1992 and 1993 as transmembrane orphan receptors. 
Both Tiel and Tie2 are almost exclusively expressed 
by endothelial cells and hematopoietic stem cells 
(Partanen et al. 1992; Dumont et al. 1992; Iwama 
et al. 1993; Sato et al. 1993a; Sato et al. 1993b; 
Schnurch and Risau 1993; Korhonen et al. 1994). 
Tie2 expression is largely constitutive, whereas Tiel 
expression appears to be regulated by shear forces 
and other microenvironmental milieu factors. 
Tiel expression is upregulated in vivo at sites of 
disturbed flow and atherosclerotic plaques, sug- 
gesting that Tiel may play a critical role in the 
regulation of endothelial cell functions in response 


110 


H. G. Augustin and U. Fiedler 


to changes in flow (Chen-Konak et al. 2003; Porat 
et al. 2004). 

Tiel and Tie2 share a similar overall struc- 
ture consisting of an extracellular domain with 
33% similarity and an intracellular split tyrosine 
kinase domain with 76% similarity (Schnurch 
and Risau 1993). Tie is the acronym for “tyrosine 
kinase with immunoglobulin and EGF homology 
domains,” which reflects the typical extracellular 
domain structure. The extracellular domain consists 
of two immunoglobulin-like loops (Ig-like loops) 
flanking three epidermal growth factor (EGF)-like 
domains followed by three fibronectin type III re- 
peats. The cytoplasmic domain is a split tyrosine 
kinase domain containing a 14-amino-acid linker, 
followed by a C-terminal tail (Schnurch and Risau 
1993) (Fig. 6.1). Five phosphorylated tyrosine resi- 
dues have been identified in Tie2 upon activation, 
each interacting with a distinct set of downstream 
signaling molecules and pathways (Eklund and 
Olsen 2006). Tie2 receptor phosphorylation occurs 
by autophosphorylation following ligand-mediated 
receptor clustering. The mechanisms mediating 
Tiel activation are poorly understood. Tiel is not 
phosphorylated in vivo and autophosphorylation 
cannot be stimulated, suggesting that Tiel activa- 
tion may primarily not occur in a ligand-dependent 
manner (Marron et al. 2000a). Interestingly, Tiel 
can be proteolytically cleaved following stimula- 
tion of endothelial cells with VEGF, TNFa or PMA 
(Yabkowitz et al. 1999; Marron etal. 2000b). Moreover, 
high shear stress induces Tiel shedding. Shedding of 
the extracellular domain leaves a membrane-bound 
endodomain consisting of the transmembrane do- 
main and the cytoplasmic tyrosine kinase domain. 
This endodomain is baseline autophosphorylated 
and can induce PI3-kinase signaling, suggesting 
that Tiel is capable of inducing signal transduction 
upon shedding (Chen-Konak et al. 2003). However, 
the mechanisms inducing Tiel shedding in vivo 
have not been uncovered. Similarly, the ectodomain 
of Tie2 is cleaved and released into the supernatant 
upon stimulation of cultured endothelial cells with 
PMA. Correspondingly, soluble Tie2 (sTie2) can be 
detected in the blood (Reusch et al. 2001). Multiple 
studies have shown that sTie2 levels drop following 


anti-angiogenic therapy (Harris et al. 2001). More- 
over, sTie2 itself is a potent angiogenesis inhibitor 
(Lin et al. 1998; Siemeister et al. 1999; Hangai et al. 
2001). 


The Angiopoietins 


Theligands of Tie2, Angiopoietin-1 (Ang-1) and An- 
giopoietin-2 (Ang-2), were identified several years 
after the discovery of the Tie receptors (Davis et al. 
1996; Maisonpierre et al. 1997). More recently, two 
additional ligands, Ang-3 and Ang-4, have been 
identified. Ang-3 is the mouse ortholog of Ang-4 
(Valenzuela et al. 1999). Surprisingly, both are 
supposed to act as species-specific Tie2 antago- 
nist (Ang-3) and agonist (Ang-4), respectively 
(Kim et al. 1999; Lee et al. 2004). The angiopoi- 
etins are secreted glycoproteins consisting of an 
N-terminal coiled-coil domain required for pro- 
tein oligomerization and a C-terminal fibrino- 
gen-like domain required for receptor binding 
(Fig. 6.1). Ang-1 and Ang-2 share 69% similarity 
in the coiled-coil domain and 63% similarity in 
the fibrinogen-like domain (Ward and Dumont 
2002). Both form oligomers of different sizes. 
Ang-1 is predominantly multimeric (trimer or 
hexamer), and Ang-2 is a dimer (Ward and Du- 
mont 2002; Davis et al. 2003). This suggests that 
regions within the coiled-coil domain determine 
the oligomerization status of the proteins. Both 
ligands bind to Tie2 with similar affinity (Kd, 
3nM) and they share the same binding sites 
within the first Ig-like loop and the EGF-like re- 
peats of Tie2 (Maisonpierre et al. 1997; Fiedler 
et al. 2003; MacDonald et al. 2006). 

Ang-l is expressed by many cell types. Expres- 
sion has been found in pericytes, smooth muscle 
cells and fibroblasts and also by several tumor cell 
lines (Fig. 6.2). Ang-1 has been reported to be tran- 
scriptionally regulated in some tumors and dur- 
ing inflammation (Stratmann et al. 1998; Sugimachi 
et al. 2003). Yet, transcriptional regulation is rather 
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Fig. 6.1a,b. Modular structure 
ot the Tie receptors and the 
Angiopoietins. a Tie receptors 
are receptor tyrosine kinases 
consisting of an N-terminal 
angiopoietin-binding domain 
and a C-terminal split tyrosine 
kinase domain. The extracel- 
lular domain is composed 

of two Ig-like loops flanking 
EGF-like repeats followed by 
fibronectin type III repeats. b 
The angiopoietins are secreted 
proteins consisting of an N- 
terminal coiled-coil domain 
and a C-terminal fibrinogen- 
like domain, The molecules 
oligomerize by the coiled-coil 
domain, which contains addi- 
tional subclustering sequences 
and bind to Tie2 via the fi- 
brinogen-like domain 


a Tie receptors 


moderate compared to the transcriptional regulation 
of other angiogenesis- and inflammation-regulating 
molecules, including VEGF, the selectins, VCAM-1 
and Ang-2, indicating that Ang-1 is essentially con- 
stitutively expressed. In contrast, Ang-2 expression 
is tightly controlled and almost restricted to endo- 
thelial cells (Fig. 6.2) (Stratmann et al, 1998; Fiedler 
et al. 2006). Ang-2 mRNA expression is almost absent 
in the resting, quiescent vasculature, yet it is dramati- 
cally upregulated at sites of angiogenesis (Stratmann 
et al. 1998). Analysis of the Ang-2 promoter revealed 
that expression of Ang-2 is tightly controlled by posi- 
tive and negative regulatory elements (Hegen et al. 
2004). Strong positive regulators of Ang-2 promoter 
activity and mRNA expression are the pro-angio- 
genic cytokines VEGF and FGF-2. It has also been 
shown that Ang-2 mRNA expression is strongly 
induced by hypoxia (Mandriota and Pepper 1998; 
Oh et al. 1999). Moreover, high glucose can inter- 
fere with repression of Ang-2 expression and induce 
Ang-2 expression in Miiller cells and endothelial cells 
in the diabetic retina (Hammes et al. 2004; Yao et al. 
2006; Kruse and Fiedler, unpublished data). 
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Role of the Angiopoietin/Tie System 
During Embryonic Development 


Both Tie receptors are critical for vascular devel- 
opment. Tiel-deficient mice die between E13.5 and 
shortly after birth due to hemorrhage, edema and 
poor vascular integrity (some variability in the phe- 
notype is seen in different mouse strains) (Sato et al. 
1995; Puri et al, 1995). Tie2-deficient mice die ear- 
lier during embryogenesis, between E9.5 and E10.5. 
Tie2 null embryos cannot survive as a consequence 
of poor vascular integrity which results in hemor- 
thage (Sato et al. 1995). Blood vessels fail to remodel 
and are poorly covered by mural cells. Moreover, 
Tie2-deficient mice have fewer endothelial cells and 
an underdeveloped heart. Ang-l-deficient mice die 
somewhat later than Tie2-deficient mice, between 
E11.5 and E12,5 (Suri et al. 1996). However, the phe- 
notype of Ang-1 null embryos largely phenocopies 
Tie2-deficient embryos. Mice have poor vascular 
integrity with a loose association of pericytes to the 
endothelial lining. Ang-1-deficient mice display also 
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Endothelial 
cells 


Basement 
membrane 


Vascular smooth 
muscle cells 


sTie-2 


Fig. 6.2. Spatial expression and localization of Tie receptors and angiopoietins. Tie receptors are primarily expressed by 
endothelial cells. Angiopoietin-1 (Ang-1) is expressed by mural cells and some tumor cells. Thus, Ang-! acts in paracrine 
manner on endothelial cells. Ang-2 is almost exclusively produced by endothelial cells. Ang-2 is stored in endothelial 
Weibel-Palade bodies from where it can be rapidly released upon stimulation. Thus, Ang-2 acts in autocrine fashion on 
endothelial cells. Both Tie receptors may be shedded under certain conditions, resulting in a soluble ectodomain and a 


membrane-anchored endodomain 


growth retardation of the heart. Taken together, the 
complementarity of Ang-1-deficient mice and Tie2- 
deficient mice indicates that Ang-1 is the single non- 
redundant agonist of Tie2 and that Tie2 signaling 
regulates remodeling of the developing vasculature 
and vascular integrity. 

In contrast to the embryonic lethal phenotypes of 
Ang-1- and Tie2-deficient mice, Ang-2 null mice have 
no overt vascular defects (Gale et al. 2002). Mice are 
born normally but develop chylous ascites within a 
few days after birth, Depending on the genetic back- 
ground of the mouse strain, mice die within the first 
14 days after birth (C129 background) or develop 
normally to adulthood with little postnatal lethality 
(C57/B6) (Gale et al. 2002; Fiedler et al. 2006). The 
blood vascular system of Ang-2 null mice appears to 
be normal, with subtle changes being detectable in 
the vasculature of the eye. The hyaloid vessels that 
nourish the lens during eye development fail to re- 
gress in Ang-2-deficient mice, indicating improper 
vessel remodeling (Hackett et al. 2002; Gale et al. 
2002). Likewise, the lymphatic vasculature appears 
to be abnormal in Ang-2-deficient mice. Lymphatic 
vessels of the intestine are less branched and dis- 
organized. This may actually be the cause of the 


chylous ascites of Ang-2-deficient mice bred in the 
C129 background, Interestingly, a genetic knock-in 
of Ang-1 into the Ang-2 locus rescues the lymphatic 
defect but not the perturbed hyaloid vessel regres- 
sion in the eye, suggesting that Ang-2 may act as an 
agonist on the lymphatic vasculature and an antago- 
nist in the blood vascular system (Gale et al, 2002). 

Strong systemic overexpression of Ang-2, under 
control of either the CMV promoter (global expres- 
sion) or the K14 promoter (skin expression with 
systemic Ang-2 effects) results in death of the mice 
around E10.5. These mice have a phenotype similar 
to that of Ang-1- and Tie2-deficient mice, indicat- 
ing that Ang-2 is antagonizing Ang-1-mediated Tie2 
signaling (Maisonpierre et al. 1997; Veikkola and 
Alitalo 2002). 

Surprisingly, Ang-1 overexpression in mice re- 
sults in the formation of enlarged, leakage-resistant 
blood vessels which are well covered by pericytes 
(Suri et al. 1998). Moreover, Ang-1 overexpression 
induces lymphangiogenesis and supports tumor 
growth (Tammela et al. 2005; Morisada et al. 2005). 
This suggests that a tight balance of Tie2 signaling is 
required to regulate vascular homeostasis and qui- 
escence. 
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Angiopoietin/Tie-Induced 
Vascular Signaling 


Binding of Ang-1 to Tie2 induces rapid receptor au- 
tophosphorylation in endothelial cells. In contrast, 
Ang-2 binding to Tie2 does not induce rapid receptor 
autophosphorylation in endothelial cells and it is able 
to inhibit Ang-l-induced receptor phosphorylation. 
Surprisingly, both ligands are capable of inducing 
Tie2 phosphorylation if Tie2 is expressed in non-en- 
dothelial cells (Maisonpierre et al. 1997). Thus, an 
endothelial cell innate mechanism controls agonistic 
Ang-1 functions and antagonistic Ang-2 functions. 
However, high concentrations or prolonged stimula- 
tion of endothelial cells with Ang-2 can induce Tie2 
autophosphorylation, suggesting that Ang-2 may act 
as an agonist under these conditions (Kim et al. 2000; 
Teichert-Kuliszewska et al. 2001). 

Tie2 activation in endothelial cells induces cell 
migration, sprouting and capillary-like tube forma- 
tion. In turn, Tie2 activation promotes endothelial 
cell survival and blood vessel integrity. Tie2 becomes 
autophosphorylated at five different tyrosine residues 
within the intracellular C-terminal domain upon 
Ang-1 binding to Tie2 (Murray et al. 2001). Based on 
the current understanding of Tie2 signaling, each of 
the phosphorylated tyrosine residues activates a dif- 
ferent signaling pathway by interacting with distinct 
signaling molecules. The PI3-kinase signaling path- 
way is activated upon interaction of p85, the regu- 
latory subunit of PI3-kinase, with phosphorylated 
Tie2. As a consequence, Akt becomes activated and 
promotes endothelial cell survival and NO synthesis 
by activation of eNOS (Fujikawa et al. 1999). More- 
over, pAkt inactivates the Forkhead transcription 
factor FKHR-1, which is a potent activator of Ang-2 
expression (Daly et al. 2004). Another molecule that 
interacts with autophosphorylated Tie2 and becomes 
phosphorylated and activated is ABIN-2 (Hughes 
etal. 2003). ABIN-2 also protects endothelial cells from 
apoptosis by inhibiting NF-«B activation. Moreover, 
ABIN-2 activation by Tie2 signaling also inhibits the 
expression of molecules involved in inflammatory re- 
sponses and thrombosis. 


Other molecules recruited to phosphorylated Tie2 
are Grb2, Grb7, Grb14, Dok-R and Shp-2, which are all 
involved in Tie2-mediated endothelial cell migration 
(Jones et al. 2003). Interestingly, the endothelial cell- 
specific phosphatase VE-PTP forms a complex with 
Tie2 and promotes dephosphorylation (Fachinger et 
al. 1999). It has recently been shown that VE-PTP is 
not critical for the initiation of blood vessel formation 
but essential for the maintenance and remodeling of 
the blood vascular system. This indicates that VE- 
PTP is a critical modulator of balanced Tie2 signaling 
(Baumer et al. 2006; Dominguez et al. 2007). 

There is increasing evidence suggesting that Ang-1 
does not just signal through Tie2 but also by affect- 
ing integrin signaling. It has been shown that Tie2 in- 
teracts with a5B1 integrin and that there is crosstalk 
between Tie2 and integrin signaling (Cascone et al. 
2005). Furthermore, it has been reported that Ang-1 
is also capable of binding to integrins directly and to 
induce integrin signaling (Carlson et al. 2001). 

Surprisingly little is know about Ang-2-medi- 
ated Tie2 signaling. Genetic experiments in mice 
and advanced cell culture experiments have shown 
that Ang-2 is capable of acting as a Tie2 antagonist 
(Maisonpierre et al. 1997; Scharpfenecker et al. 2005). 
Likewise, Ang-2 is capable of inhibiting Ang-1-medi- 
ated Tie2 phosphorylation and activation in endothe- 
lial cells. Nevertheless, Ang-2 is also able to stimulate 
Tie2 phosphorylation and to induce tube formation 
under certain conditions in vitro (Kim et al. 2000; 
Teichert-Kuliszewska et al. 2001). This suggests that 
endothelial cell innate mechanisms control antago- 
nist Ang-2 functions or that Ang-2 is capable to exert 
agonistic and antagonistic functions in a context-de- 
pendent manner. 

A bona fide ligand for Tiel has hitherto not been 
identified. There is evidence that Ang-1 binds at high 
concentrations to Tiel to induce Tiel autophosphory- 
lation (Saharinen etal. 2005). However, Tiel activation 
mayalsobeinducedbyadirectinteractionofpTie2 with 
Tiel and subsequent cross-phosphorylation (Yuan et 
al. 2007). The shed version of Tiel is constitutively 
autophosphorylated and induces the activation of 
the PI3-kinase pathway, suggesting that it is not li- 
gand binding that activates Tiel signal transduction 
(Marron et al. 2000a; Chen-Konak et al. 2003). 
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The Angiopoietin/Tie System in the Adult 
Vasculature 


Cell biological experiments and the phenotypes of 
Ang-l- and Tie2-deficient mice suggest that Tie2 
activation is primarily involved in the regulation 
of endothelial cell survival and in promoting vas- 
cular maturation and quiescence. Indeed, Tie2 is 
found to be phosphorylated and thereby constitu- 
tively activated in the resting vasculature (Wong 
et al, 1997; Fiedler, unpublished data). Moreover, 
Ang-1 exerts a vessel sealing effect (Thurston et al. 
2000), acts in anti-inflammatory fashion (Gamble 
et al. 2000; Jeon et al. 2003; Ramsauer and D'Amore 
2002), protects against cardiac allograft atheroscle- 
rosis (Nykanen et al. 2003) and radiation-induced 
endothelial cell damage (Cho et al. 2004b), and 
promotes wound-healing (Cho et al. 2006). In ad- 
dition, Ang-1 is capable of inhibiting VEGF- and 
Ang-2-induced vessel formation (Asahara et al. 
1998). This indicates that Ang-1-mediated Tie2 sig- 
naling prevents activation of the endothelium and 
controls vascular homeostasis. Surprisingly, Ang-1 
induces angiogenesis in some experimental animal 
models upon overexpression. For example, Ang-] 
overexpression enhances VEGF-induced angiogen- 
esis in the cornea micropocket assay (Asahara et al. 
1998). It also induces increased vascularization in 
the skin (Suri et al. 1998) as well as lymphangio- 
genesis (Tammela et al. 2005). This suggests that 
Tie2 activation needs to be tightly controlled and 
balanced. This conclusion is also supported by the 
observations that (1) Ang-1 induces pulmonary 
hypertension (Sullivan et al. 2003), (2) Tie2 over- 
expression in the skin results in a psoriasis-like 
phenotype (Voskas et al. 2005), and (3) an activat- 
ing Tie2 mutation causes venous malformations 
that are composed of dilated endothelial channels 
(Vikkula et al. 1996). 

A potent regulator balancing Ang-1/Tie2 sig- 
naling in vivo is Ang-2. Yet, surprisingly little is 
known about Ang-2 functions in vivo. Strong sys- 
temic embryonic overexpression of Ang-2 leads to 
lethality and essentially phenocopies Ang-1- and 


Tie2-deficient mice, which is the most compelling 
genetic evidence that Ang-2 acts as an antagonist 
of Ang-1/Tie2 signaling (Maisonpierre et al. 1997). 
Conceptually, this also implies that Ang-2 is a po- 
tentially dangerous molecule whose dosage and 
spatiotemporal availability needs to be tightly reg- 
ulated. Supporting this concept is also the observa- 
tion that local overexpression of Ang-2 in the heart 
is compatible with life (Visconti et al. 2002). 
Endogenous Ang-2 expression is tightly con- 
trolled. Ang-2 mRNA expression is almost absent 
in the quiescent vasculature and dramatically up- 
regulated upon angiogenic activation of endothe- 
lial cells (Stratmann et al. 1998). Moreover, Ang-2 
protein is not just produced selectively by its own 
target cells, the vascular endothelium. Instead, it 
is stored in endothelial cell Weibel-Palade bodies 
(WPB), from where it can be rapidly released upon 
stimulation by WPB secretagogues such as PMA, 
histamine, or thrombin (Fiedler et al. 2004). Sphe- 
roidal co-culture experiments of smooth muscle 
cells and endothelial cells have shown that the re- 
lease of Ang-2 from endothelial cells is able to de- 
stabilize the endothelium in an autocrine manner. 
This vascular destabilizing effect can be counter- 
acted by Ang-1 and VEGF, indicating that Ang-2 in- 
terferes with Tie2 signaling (Scharpfenecker et al. 
2005). Moreover, these findings are in line with the 
concept that Ang-2 induces blood vessel regression 
in the absence of VEGF and that it promotes angio- 
genesis in the presence of VEGF (Hanahan 1997). 
The hypothesis that Ang-2 interferes with blood 
vessel integrity is further supported by the find- 
ing that Ang-2 is a critical regulator of inflamma- 
tory responses. Ang-2-deficient mice are not able to 
elicit rapid inflammatory responses and do not in- 
duce adhesion molecule expression in response to 
TNFo challenge (Fiedler et al. 2006). This suggests 
that Ang-2 sensitizes the endothelium towards 
inflammatory and angiogenic cytokines. The un- 
derlying mechanisms are not fully unraveled, but 
it appears likely that Ang-2 interferes with Ang-1- 
mediated Tie2 signaling in vivo, thereby activating 
the endothelium. Thus, the ratio of Ang-1 to Ang- 
2 is critical to balance Tie2 signaling and regulate 
vascular homeostasis and responsiveness. 
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Therapeutic Potential of the 
Angiopoietin/Tie System 


Therapeutic intervention with Angiopoietin/Tie sig- 
naling is one of the driving forces of current angio- 
poietin research. Large-scale screening programs 
focus on the development of low-molecular-weight 
Tie2 inhibitors that are capable to either selectively 
interfere with Tie2 signaling or that are part of the 
target portfolio of a multi-targeted tyrosine kinase 
inhibitor. The therapeutic potential of single or com- 
binatorial Tie2 inhibitors has not yet been explored 
in great detail. Given the critical role of Tie2 for 
vascular maintenance and homeostasis, systemic 
Tie2 inhibitors may cause unwanted side effects by 
interfering with vascular stability and endothelial 
cell quiescence. 

Soluble receptors and neutralizing ligand anti- 
bodies have been studied extensively to interfere 
with ligand/RTK interactions. Soluble Tie2 recep- 
tor derivatives (sTie2) have been employed as ligand 
traps and used in tumor experiments as well as in 
the corneal angiogenesis assay. Soluble Tie2 inhib- 
its tumor growth and the growth of corneal blood 
vessels (Lin et al. 1998; Siemeister et al. 1999; Singh 
et al. 2005). In turn, the single treatment of retinal 
angiogenesis with sTie2 in the retinopathy of pre- 
maturity model is not sufficient to block newborn 
retinopathy (Agostini et al. 2005), suggesting that 
sTie2 is either not a very potent angiogenesis inhibi- 
tor or that it needs sustained long-term treatment 
for therapeutic efficacy. Another disadvantage of 
sTie2 is its property to interfere with both Ang-1 and 
Ang-2. It would be more rational for therapeutic ap- 
plications to inhibit activation of the endothelium in 
pathological settings by specifically targeting Ang-2 
and to support Ang-1-mediated vascular protection. 
Both approaches have been pursued experimentally 
and appear to be promising avenues for future clini- 
cal developments. 

Ang-2 has therapeutically been selectively inhib- 
ited by single-chain-neutralizing Ang-2 antibodies 
and peptide-Fe fusion proteins that selectively bind 
Ang-2 but not Ang-1 (Oliner et al. 2004). This Ang-2 


trap inhibits tumor growth in several experimental 
tumor models. Alternatively, Ang-2 production has 
been successfully blocked with an Ang-2 specific ap- 
tamer (White et al. 2003). Inhibition of Ang-2 syn- 
thesis is able to inhibit FGF-2-induced rat corneal 
angiogenesis. Thus, inhibition of Ang-2 inhibits 
neo-angiogenesis and may result in tumor regres- 
sion. These findings are in line with a study show- 
ing that Ang-2 is critically involved in priming the 
vasculature towards inflammatory cytokines and 
that a lack of Ang-2 keeps the vascular bed quies- 
cent (Fiedler et al. 2006). Surprisingly, though, tu- 
mors grow in Ang-2-deficient mice with essentially 
the same growth and vascularization kinetics as 
in wild-type mice, suggesting that Ang-2 may be 
dispensable for tumor angiogenesis in genetically 
engineered Ang-2-deficient mice (Nassare et al. un- 
published data). The apparent discrepancy between 
Ang-2-neutralizing therapies in wild-type mice and 
tumor growth experiments in Ang-2-deficient mice 
indicates that local versus systemic Ang-2 functions 
as well as short-term versus long-term Ang-2 effects 
need to be mechanistically studied in different ex- 
perimental animal models in order to more ratio- 
nally develop Ang-2 manipulatory therapies. 

The potential of therapeutic Ang-1 administra- 
tion has been studied intensively during the past 
few years. The objectives of Ang-1 therapy are pre- 
vention of endothelial cell apoptosis, protection of 
the vasculature from activation and stabilization 
of the quiescent endothelial cell layer. Ang-1 and 
Ang-1 derivatives such as COMP-Ang-1 have been 
applied by adenoviral gene transfer in mice or by 
injection of the recombinant protein. COMP-Ang-1 
inhibits endothelial cell apoptosis in an irradiation 
therapy model in mice (Cho et al. 2004c; Cho et al. 
2004a). Furthermore, Ang-l is a potent inhibitor 
of inflammation in different experimental settings 
(Gamble et al. 2000; Jeon et al. 2003; Ramsauer and 
D'Amore 2002). Ang-1 inhibits vascular permeabil- 
ity induced by VEGF and it inhibits the development 
of atherosclerosis and sepsis (Thurston et al. 2000; 
Nykanen et al. 2003). Ang-1 also acts in anti-throm- 
botic fashion and supports wound healing (Cho 
et al. 2006; Kim etal. 2002). This array of different ap- 
plications impressively demonstrates the significant 
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therapeutic potential of Ang-1. However, Ang-1 also 
induces angiogenesis and vascular remodeling (Suri 
et al. 1998; Tammela et al. 2005). Moreover, Ang-1 
is upregulated in patients with pulmonary hyper- 
tension and has been shown to promote pulmonary 
hypertension (Thistlethwaite et al. 2001; Sullivan et 
al. 2003; Chu et al. 2004). Thus, it remains to be seen 
whether the prospects of Ang-1 therapies are limited 
by uncontrollable side effects. 


Conclusion 


The angiopoietin/Tie system has, in the past 10 years, 
been solidly established as a key regulator of vas- 
cular maturation, quiescence, and remodeling. Yet, 
the molecular mechanisms underlying angiopoietin 
function are still poorly understood. The situation is 
also puzzling since some manipulatory experiments 
in vivo yield conflicting results which are not com- 
patible with the simple Ang-1/Ang-2 agonist/antago- 
nist model. What is solidly established, however, is 
that proper Tie2 signaling homeostasis depends on 
the ratio of Ang-1 and Ang-2 and their spatiotempo- 
ral availability. Constitutive Tie2 phosphorylation 
by Ang-1 controls the quiescent resting phenotype 
of the vasculature. In turn, the release of Ang-2 from 
the Ang-2 stores or the induced expression of Ang-2 
shifts the balance locally in favor of Ang-2 and facili- 
tates the responsiveness of the vascular bed to other 
stimuli. Yet, the molecular mechanisms by which 
Ang-2 affects endothelial cell function are not sat- 
isfactorily understood. It is not solidly established 
that Ang-2 acts solely by inhibiting Tie2 signaling. 
Furthermore, there is evidence that Tie2 hyperacti- 
vation may also lead to endothelial destabilization, 
suggesting that too much Ang-1] and subsequent Tie2 
signaling may have the same deleterious effects as 
too little Tie2 signaling. Supporting this concept, 
there are several reports demonstrating that Ang- 
1 overexpression has pro-angiogenic effects. Con- 
versely, there is evidence that Ang-2 can substitute 
Ang-1, depending on the spatiotemporal availability 


and concentration. Ang-2 induces endothelial cell 
sprouting and acts anti-apoptotically in vitro and 
can promote wound healing to the same extend as 
Ang-l. Furthermore, Ang-2 seems to have agonistic 
effects on the lymphatic vasculature, as supported 
by the phenotype of Ang-2-deficient mice. 

In conclusion, the angiopoietin/Tie system is con- 
trolled by the well-balanced spatiotemporal avail- 
ability of the ligands that control Tie2 signaling. As 
such, Tie2 signaling appears to follow a similarly 
tight dosage regulation as the VEGF/VEGER sys- 
tem. Much needs to be learned about caliber, organ, 
and regional differences in Ang/Tie signaling and 
whether the ligands exert different functions in dif- 
ferent vascular beds. Ongoing efforts aimed at ther- 
apeutic interference with the Ang/Tie system will 
benefit from further study of the complex biology of 
the angiopoietins and support the rational develop- 
ment and clinical implementation of Ang/Tie ma- 
nipulatory therapies for different applications rang- 
ing from inflammation, psoriasis, retinopathies and 
atherosclerosis to the growth of tumors. 
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Abstract 


The Eph family of receptor tyrosine ki- 
nases and their membrane-bound li- 
gands, the ephrins, play a crucial role in 
vascular remodeling during embryogen- 
esis. More recently, these molecules have 
been shown to regulate postnatal vascular 
remodeling, particularly tumor neovascu- 


CONTENTS 
e_n: 


7.1 Eph Receptors and Ephrin Ligands: 
Structure and Function 127 


7.2 Eph Receptors and Ephrins in 
Embryonic Vascular Development 123 


7.3 Eph Receptors and Ephrins in 
Postnatal Vascular Remodeling 125 


7.4 Eph Receptors and Ephrins in 
Tumor Angiogenesis 127 


7.5 Cross-Talk BetweenEph/Ephrin 
Family Members and Other 
Pro-Angiogenic Factors 129 


7.6 Potential Therapeutic Strategies Targeting 
the Eph Family: Pros and Cons 130 


7.7 Summary 132 


References 132 


larization. This chapter provides an over- 
view of Eph receptors and ephrins in vascu- 
lar development and tumor angiogenesis. 
Recent advances in our understanding of 
how these molecules function in both tu- 
mor tissue and host vasculature suggest 
that several Eph/ephrin family members 
will make excellent new targets for anti- 
cancer therapy. 


Eph Receptors and Ephrin Ligands: 
Structure and Function 


The Eph family of receptor tyrosine kinases (RTKs) 
is the largest family of RTKs in the genome, consist- 
ing of at least 16 receptors and 9 ligands identified 
in multiple species (reviewed in: Brantley-Sieders 
and Chen 2004; Cheng et al. 2002a; Pasquale 2005). 
Unlike typical RTKs that bind to soluble ligands, 
Eph RTKs bind to ephrin ligands that are tethered 
to the cell membrane. The family is subdivided 
into two classes based on homology and binding 
to two distinct classes of ephrins (Fig. 7.1). Class 
A Eph receptors generally bind to A class ligands 
that are tethered to the cell membrane by a gly- 
cosyl-phosphatidyl inositol (GPI) linkage. Class B 
Eph receptors generally bind to class B ligands that 
are anchored to the cell membrane by a transmem- 
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Eph RTK Ephrin ligand 
ý 5 rae Ligand-binding GPI 
EphA1 ephrin-A1 
EphA2 ephrin-A2 
EphA3 ephrin-A3 
EphA5 ephrin-A4 (Class A) 
EphA4 ephrin-AS5 Cysteine-rich 
EphA6 ephrin-A6 
EphA7 
EphA8 : . 
EphA9 Fibronectin Repeats 
EphA10 
EphB1 ephrin-B1 
EphB2 ephrin-B2 Transmembrane 
EphB3 ephrin-B3 
EphB4 
EphBS Tyrosine Kinase Transmembrane 
EphB6 
Cytoplasmic Tail 
SAM 
PDZ 
a b HE PDZ (Class B) 


Fig. 7.1a,b. Eph family members: common structural features and signaling domains. a Sixteen Eph receptors and 9 ephrin 
ligands comprise the Eph family. b Structure and signaling domains common to receptors and ligands. The extracellular 
portion of Eph receptors share a ligand-binding domain followed by a cysteine-rich region and fibronectin type III repeats. 
A transmembrane spanning region is followed by a juxtamembrane region that harbors conserved tyrosine residues im- 
portant in the activation of the receptor upon ligand engagement. This is followed by a kinase domain, which also contains 
tyrosine substrates that are targets for autophosphorylation. The kinase domain is followed by a sterile alpha motif (SAM), 
which is thought to regulate receptor oligomerization, and a PDS-95 postsynaptic density protein, discs large, zona occludens 
tight junction protein (PDZ)-binding domain, which binds to PDZ-containing proteins to create a scaffold for assembly of 
signaling molecules close to the cellular membrane. Ephrin ligands share an extracellular receptor-binding domain. A class 
ligands are anchored to the cellular membrane by a glycosyl-phosphatidyl inositol (GPI) linkage. Class B ligands are tethered 
to the cell membrane by a transmembrane spanning domain, followed by a cytoplasmic tail with conserved tyrosine residues 


that are targets for intracellular kinases. These ligands also contain a PDZ-binding domain 


brane-spanning domain. In addition, class Bephrins 
possess a short cytoplasmic domain containing sev- 
eral tyrosine residues that can be phosphorylated by 
intracellular kinases, thereby facilitating “bi-direc- 
tional” signaling through the ephrin as well as the 
Eph RTK. Bi-directional signaling is also thought to 
occur through class A ephrins via clustering and co- 
localization with intracellular signaling molecules 
in lipid raft membrane microdomains. Another rela- 
tively unique feature of this family relates to their 
effects on cell behavior. Rather than inducing pro- 
liferation upon activation like typical growth fac- 
tor RTKs, Eph RTKs do not generally regulate cell 
growth responses. Instead, these receptors modulate 


signaling cascades that regulate cell shape, cellular 
adhesion, and cell motility (reviewed in: Brantley- 
Sieders and Chen 2004; Cheng et al. 2002a; Pasquale 
2005). 

Structurally, Eph RTKs consist of an amino- 
terminal ephrin-binding domain, immunoglobu- 
lin-like motifs, a cysteine-rich region containing 
an epidermal growth factor (EGF)-like motif, and 
two fibronectin type III repeats in the extracellular 
portion (Fig. 7.1). These domains are followed by a 
transmembrane domain and the intracellular por- 
tion of the receptor, which includes a juxtamem- 
brane region, a kinase domain, a sterile a-motif 
(SAM), and a PDS-95 postsynaptic density protein, 
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Discs large, Zona occludens tight junction protein 
(PDZ)-binding domain (Fig. 7.1). The juxtamem- 
brane region contains tyrosine residues that are in- 
volved in kinase domain activation upon phosphor- 
ylation and subsequent receptor conformational 
change. Activation of the kinase leads to transphos- 
phorylation of clustered Eph RTKS upon ligand 
binding, creating phosphotyrosine-docking sites to 
initiate downstream signaling cascades by binding 
to SH2-containing proteins. In addition, kinase-in- 
dependent signaling has also been reported for sev- 
eral Eph RTKS (Pasquale 2005). The SAM domain 
is thought to regulate receptor dimerization/clus- 
tering, and the PDZ-binding domain binds to other 
PDZ-containing proteins and is thought to create 
scaffolds for assembly of signaling complexes proxi- 
mal to the cell membrane (reviewed in: Brantley- 
Sieders and Chen 2004; Cheng et al. 2002a; Pasquale 
2005). These functional domains modulate forward 
signaling through the receptor upon ligand stimula- 
tion, and downstream signaling pathways relevant 
to vascular remodeling are discussed in more detail 
in the following sections. 


Eph Receptors and Ephrins in 
Embryonic Vascular Development 


Embryonic vascular morphogenesis involves remod- 
eling of primitive, relatively homogeneous networks 
of embryonic and extraembryonic blood vessels, or 
primitive capillary plexus, into a branching network 
of large and small mature, interconnected vessels 
(Risau and Flamme 1995). Primary capillary plexus 
form through de novo differentiation and coales- 
cence of endothelial progenitors, or hemangioblasts, 
through the process of vasculogenesis. Subsequent 
angiogenic remodeling occurs through sprouting of 
new branches, retraction of existing branches, join- 
ing of some capillaries and splitting of others. Prun- 
ing and remodeling occur through endothelial cell 
proliferation, apoptosis, and migration (Patan 2000; 
Yancopoulos et al. 2000). Vessels fully mature and 


become functional by recruitment of mural support- 
ing cells from surrounding mesenchyme (Folkman 
and D’Amore 1996; Yancopoulos et al. 2000). 
Several Eph family members participate in vas- 
cular remodeling in the embryo. Expression of Eph 
RTKs and ephrins has been detected in embryonic 
vasculature, particularly B class receptors and li- 
gands. In mice, Xenopus, and chick, ephrin-B2 is 
expressed in arterial endothelial cells, including the 
extraembryonic yolk sac primary capillary plexus, 
large arteries within the embryo, and in the endo- 
cardium of the developing heart. The principal re- 
ceptor for ephrin-B2, EphB4, displays a reciprocal 
expression pattern in embryonic veins in the yolk 
sac, larger veins including the anterior cardinal 
vein and vitelline vein, and also in endocardium 
(reviewed in: Brantley-Sieders and Chen 2004). This 
was the first evidence for a molecular differences be- 
tween arterial and venous endothelial cells. Targeted 
disruption of either ephrin-B2 or EphB4 results in 
death of the embryo at E11 and E9.5-10, respectively, 
due to similar defects in angiogenic remodeling of 
both arteries and veins, as well as patterning de- 
fects in myocardium (Gerety et al. 1999; Wang et al. 
1998). Differentiation of endothelial cells and vascu- 
lar morphogenesis was normal in homozygous null 
embryos, with the formation of primitive capillary 
network structures. These networks, however, fail 
to remodel and branch into large and small vessels. 
Reverse signaling through ephrin-B2 also regulates 
angiogenesis in mice, as demonstrated by replace- 
ment of the endogenous ephrin-B2 gene with a cyto- 
plasmic deletion mutant. Ephrin-B2°*°/“¢ “knock-in” 
mutants display similar defects in remodeling of ves- 
sels in the yolk sac and in the embryo, and in heart 
morphogenesis (Adams et al. 2001). These data dem- 
onstrate that bi-directional signaling through both 
EphB4 and ephrin-B2 facilitates embryonic vascular 
remodeling and may distinguish arterial and venous 
differentiation in vivo. In addition, recent results 
from mice in which endogenous ephrin-B2 was re- 
placed with a PDZ-binding domain deletion (eph- 
rin-B2+VV) or cytoplasmic tyrosine to phenylala- 
nine replacement mutant (ephrin-B2>"/*") knock-in 
demonstrate the function of ephrin-B2 in lymphatic 
vessel remodeling (Makinen et al. 2005). While vas- 
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Table 7.1. Vascular phenotypes of Eph and ephrin mutant animals 


Mouse strain 


EphA2~“-<?1> 


EphB2~- / EphB3~- (double knockout) 


Vascular phenotype 


Impaired ephrin-mediated subcutaneous vessel 
remodeling; Impaired tumor angiogenesis 


Reference 


Brantley-Sie- 
ders et al. 2004, 
2005 


30% embryonic lethality E11; defective vascular Adams et al. 1999 


remodeling, sprouting, and heart defects 


EphB4~- 


100% embryonic lethal E11.5; defective vascular Gerety et al. 1999 


remodeling, sprouting, heart defects 


Ephrin-B27"- 


100% embryonic lethal E9.5-10; defects similar Wang et al. 1998 


to those observed in EphB4-/- 


*Endothelial ephrin-B2-/- 


100% embryonic lethal E10.5; defects similar 


Gerety et al. 2002 


to those observed in conventional ephrin-B2 


knockout 


bEphrin-B2°/4¢ 


100% embryonic lethal E10.5; similar defects 


Adams et al. 2001 


to those observed in conventional ephrin-B2 


knockout 


bEphrin-B24¥/4¥ 


No embryonic vascular phenotype; major 


Makinen et al. 2005 


defects in lymphatic vascular remodeling 


bEphrin-B2°"/F 


No embryonic vascular phenotype; mild defects Makinen et al. 2005 


in lymphatic vascular remodeling 


“CAG-ephrin-B2 


Embryonic to early postnatal lethality; abnor- 


Oike et al. 2002 


mal patterning intersomitic vessels; defective 
capillary-sized arterial-venous boundary for- 
mation; postnatal death from aortic aneurysms 
due to lack of vascular smooth muscle cells 


‘Tie2-ephrin-B2 


Defective capillary-sized arterial-venous 


Oike et al. 2002 


boundary formation 


* Tissue-specific knockout of ephrin-B2 in endothelial cells by mating Floxed ephrin-B2 mice with Tie2-Cre mouse model 
system. 


ACC, replacement with ephrin-B2 lacking 


b “Knock in” animals in which the endogenous gene is replaced with a mutant version. 
C-terminal intracellular domain; "3Y, replacement with ephrin-B2 lacking C-terminal PDZ-binding domain; *¥/**, replace- 
ment with ephrin-B2 in which five conserved tyrosine residues in the cytoplasmic tail were replaced with phenylalanine. 

č Transgenic animals in which gene produce is overexpressed in specific tissues. CAG-ephrin-B2 transgenics overexpress ephrin- 
B2 ubiquitously under the control of the CMV enhancer-B-actin promoter-B-globin splicing acceptor. Tie2-ephrin-B2 trans- 


genics overexpress ephrin-B2 specifically in endothelial cells. 


cular remodeling defects observed in the conven- 
tional ephrin-B2-deficient embryos was not observed 
in either of these lines, they did present a mild 
(ephrin-B2>¥/>F) to severe (ephrin-B2>‘*") pheno- 
type in terms of failure to remodel the primitive 
lymphatic plexus into large and small vessels, hy- 
perplasia, and lack of valve formation (Makinen 
et al. 2005). These data demonstrate that signaling 


through distinct domains within the same Eph fam- 
ily member can elicit very different biological pro- 
cesses in vivo. 

Ephrin-B2 is also expressed in mesenchyme 
surrounding some blood vessels, and becomes 
extended to smooth muscle cells and pericytes 
surrounding vessels as development proceeds (re- 
viewed in: Brantley-Sieders and Chen 2004; Cheng 
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et al. 2002a). Experiments in which ephrin-B2 
was overexpressed ubiquitously or in endothelial 
cells specifically suggest that this ligand also af- 
fects the mesenchymal component of the vascula- 
ture. Defects in intersomitic vessel patterning and 
outgrowth of venous vasculature was observed in 
the head region of transgenic embryos in which 
ephrin-B2 overexpression was ubiquitous. These 
embryos die shortly after birth from aortic aneu- 
rysms that occur due to lack of perivascular sup- 
port surrounding the aorta. By contrast, trans- 
genic embryos expressing ephrin-B2 specifically in 
endothelium did not display such defects (Oike et 
al. 2002). Tissue-specific deletion of ephrin-B2 in 
endothelium and endocardium, however, was suf- 
ficient to recapitulate angiogenic remodeling de- 
fects observed in conventional knockout animals 
(Gerety and Anderson 2002). Since the full comple- 
ment of vascular defects is produced by deletion 
of ephrin-B2 in endothelium, while mesenchymal 
expression remained intact, these data suggest that 
mesenchymal ephrin-B2 is not sufficient for vessel 
remodeling. Mesenchymal expression of ephrin-B2 
might, however, be necessary for proper remodel- 
ing, as demonstrated by several in vitro studies. For 
example, mesenchymal expression of ephrin-B2 
was shown to enhance differentiation of paraaortic 
splanchnopleuric mesoderm and endothelial pre- 
cursor-enriched cell populations within this tissue 
into endothelium, whereas overexpression of EphB4 
was inhibitory (Zhang et al. 2001). Differentiation 
induced by mesenchymal ephrin-B2 was accompa- 
nied by morphogenesis into cord-like tubules and 
enhanced smooth muscle cell recruitment, dem- 
onstrating the importance of mesenchymal eph- 
rin-B2 in vascular morphogenesis and maturation. 
Generation of mice in which ephrin-B2 is deleted 
only in mesenchymal cells could shed light on the 
function of ephrin-B2 in this tissue type. 
Ephrin-B2 and EphB4 are not the only Eph fam- 
ily members that regulate embryonic vessel pat- 
terning. Ephrin-Al is expressed in the developing 
vasculature, and promotes angiogenesis in vitro 
and in vivo (reviewed in: Brantley-Sieders and Chen 
2004; Cheng et al. 2002a). Though no data are yet 
available concerning the role of ephrin-Al in em- 


bryonic angiogenesis, this ligand and its principal 
receptor, EphA2, are known to regulate postnatal 
angiogenesis as discussed in the sections below. 
Ephrin-B1 is also expressed in embryonic vascula- 
ture, in both arteries and veins, as is EphB3 RTK. In 
addition, EphB2 RTK is expressed in vascular-asso- 
ciated mesenchyme (Adams et al. 1999). Although 
targeted disruption of EphB2 or EphB3 alone pro- 
duced no discernable vascular phenotype, approxi- 
mately 30% of double mutants die at E11 due to 
vascular remodeling defects in the head, heart, and 
intersomitic regions of the embryo, demonstrating 
that these EphB RTKs also participate in develop- 
mental angiogenesis (Adams et al. 2001). While 
ephrin-Bl expression cannot compensate for the 
loss of ephrin-B2 in null mutants, in vitro studies 
have demonstrated that this ligand can induce an- 
giogenic responses in cultured endothelial cells, as 
can reverse signaling through ephrin-Bl (reviewed 
in: Brantley-Sieders and Chen 2004; Cheng et al. 
2002a). These data suggest that the ephrin-Bl ligand 
might also be necessary, though not sufficient, for 
vascular remodeling during embryogenesis. Vascu- 
lar phenotypes of Eph and ephrin mutants are sum- 
marized in Table 7.1 


Eph Receptors and Ephrins in 
Postnatal Vascular Remodeling 


In addition to embryonic vascular patterning, an- 
giogenic processes also regulate tissue homeostasis 
in mature organisms. Postnatal vascular remod- 
eling promotes healing in wounds, reperfusion of 
tissues after ischemic injury, and cyclic angiogenic 
remodeling that occurs in the female reproductive 
tract. Postnatal angiogenesis is also regulated by 
many Eph family members. Ephrin-B2 expression 
persists in adult arterial endothelium and vascular 
smooth muscle cells surrounding arteries, while 
EphB4 expression persists in adult venous endo- 
thelium, suggesting that this ligand-receptor pair 
may regulate boundary maintenance and/or vascu- 
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lar remodeling in mature tissues (Gale et al. 2001; 
Shin et al. 2001). Indeed, soluble ephrin-B2 facilities 
adhesion and migration of endothelial cells in cul- 
ture, processes critical for angiogenic remodeling 
(Vindis et al. 2003). Soluble ephrin-Al, ephrin-B2, 
and the ectodomain of EphB1 induce corneal an- 
giogenesis in adult mice, demonstrating that these 
mature endothelial cells have the capacity to re- 
spond to ephrin and Eph RTK signals (reviewed 
in: Brantley-Sieders and Chen 2004; Cheng et al. 
2002a). More recently, upregulated ephrin-B2 ex- 
pression was observed in arterial vessels following 
ischemic injury in vivo, as well as in response to 
VEGF, bFGF, and hepatocyte growth factor (HGF) 
in cultured endothelial cells in vitro (Hayashi et al. 
2005). Interestingly while both VEGF and ephrin- 
B2 stimulated corneal neovascularization in vivo, 
ephrin-B2 treatment promoted venous angiogene- 
sis with limited arterial angiogenesis (Hayashi et al. 
2005), suggesting that ephrin-B2 promotes venous 
vascular remodeling in vivo. 

In addition, ephrin-B2 and ephrin-Al can also 
induce an angiogenic response from subcutane- 
ous vessels in vivo (Brantley-Sieders et al. 2004b; 
Maekawa et al. 2003). Moreover, hypoxia results in 
upregulated expression of ephrin-B2 andephrin-Al, 
as well as EphB4 and EphA2, in a novel mouse skin 
flap hypoxia model and in cell lines subjected to hy- 
poxic conditions (Vihanto et al. 2005). Treatment 
of these cells with small interfering RNAs (siRNAs) 
that diminished expression of the transcription fac- 
tor hypoxia-inducible factor-a (HIF-1a) abrogated 
upregulation of Eph/ephrin expression, providing 
a molecular link between hypoxia and regulation 
of pro-angiogenic Eph family members (Vihanto 
et al. 2005). Ephrin-Al and EphA2 appear to co- 
operate in postnatal vascular remodeling. When 
ephrin-Al-containing sponges were introduced into 
EphA2-deficient mice, the angiogenic response was 
greatly diminished, suggesting that vascular re- 
modeling in response to ephrin-Al requires EphA2 
RTK (Brantley-Sieders et al. 2004b). Lung micro- 
vascular endothelial cells isolated from adult mice 
can also respond to ephrin-Al, which induces as- 
sembly and migration in vitro (Brantley et al. 2002; 


Brantley-Sieders et al. 2004b). These processes are 
dependent upon expression of EphA2 RTK, as en- 
dothelial cells isolated from EphA2-deficient mice 
display impaired angiogenic responses to ephrin- 
Al, and as these responses are rescued upon res- 
toration of EphA2 expression (Brantley-Sieders 
et al. 2004b). Analysis of EphA2-deficient endothe- 
lial cells also provides intriguing evidence of coop- 
eration between Eph family members in angiogenic 
processes. We recently reported that EphA2-defi- 
cient endothelial cells display elevated expression 
of EphB4 and ephrin-B2, suggesting that these 
Eph family members may partially compensate for 
the loss of EphA2 (Brantley-Sieders et al. 2005). It 
would be of great interest to determine whether 
combined loss of EphA2 and EphB4 or ephrin-B2 
augments vascular remodeling defects. EphA2 may 
also contribute to differentiation of perivascular 
support cells, as suggested by studies in 10T1/2 
cells, which can be induced to differentiation into 
pericytes/vascular smooth muscle cells upon stim- 
ulation with transforming growth factor B (TGFB). 
Microarray analysis of 10T1/2 cells comparing 
untreated cells to cells treated and induced to dif- 
ferentiate in response to TGFB revealed EphA2 as 
a gene that was upregulated in differentiating cells 
(Kale et al. 2005). This upregulation was confirmed 
by immunohistochemical analysis of EphA2 pro- 
tein in treated cells versus unstimulated controls, 
suggesting that EphA2 may function in the mesen- 
chymal component of the vasculature as well as in 
endothelium. 

As Eph RTKs have been correlated and/or func- 
tionally implicated in pathogenesis of several an- 
giogenesis-dependent diseases, including cancer, 
these studies provide a rationale for the develop- 
ment of Eph RTK-targeted therapies in the treat- 
ment of such diseases. In the case of tumor progres- 
sion, Eph RTKs and ephrins function in both tumor 
cells and host vessels for several types of cancer, 
making these molecules attractive targets for ther- 
apeutic intervention. The function of Eph RTKs in 
tumor neovascularization and progression, as well 
as emerging strategies for targeting these molecules 
for clinical applications, are discussed below. 


Eph Receptors and Ephrins: Role in Vascular Development and Tumor Angiogenesis 


Eph Receptors and Ephrins in 
Tumor Angiogenesis 


Acquisition of blood vessels by tumors is critical 
for growth, survival, and malignant progression. 
Solid tumors can grow to only a few millimeters 
in diameter without oxygen and nutrients provided 
by supporting blood vessels. Moreover, circulating 
growth factors and cytokines that facilitate tumor 
progression are delivered to the tumor via the tu- 
mor vasculature. Tumor vessels provide a permis- 
sive environment for growth and survival, and may 
actively promote malignant progression by enabling 
entry into circulation for dissemination of meta- 
static cells (Folkman 2002). Tumors may initially or 
exclusively "co-opt" existing host vessels for support 
(reviewed in: Ribatti et al. 2003), and more malig- 
nant tumor cells are able to behave like blood vessels 
by forming tube-like structures and activating ex- 
pression of vascular adhesion molecules through the 
process of vascular mimicry (Hendrix et al. 2003). 
More recent evidence suggests that de novo differ- 
entiation of circulating endothelial cell progenitors 
that incorporate into tumor vessels also contributes 
to tumor neovascularization (reviewed in: Patan 
2004; Zammaretti and Zisch 2005). However, the 
majority of tumors recruit new vessels through an- 
giogenic sprouting from host vessels (reviewed in: 
Folkman 2002; Griffioen and Molema 2000). In ad- 
dition to regulation of developmental angiogenesis, 
Eph RTKs and ephrins have recently emerged as 
critical regulators of tumor angiogenesis. 
Overexpression of Eph RTKs has been observed 
in several types of cancer in mouse models as well 
as human tumor biopsies (reviewed in: Cheng et 
al. 2002a; Dodelet and Pasquale 2000; Sullivan and 
Bicknell 2003). For example, ephrin-B2 expression 
has been observed in tumor arterioles infiltrating 
transplanted Lewis lung carcinomas and B16 mel- 
anomas in mice, suggesting that this ligand may 
regulate tumor neovascularization (Gale et al. 2001; 
Shin et al. 2001). In support of this hypothesis, A375 
melanomas, which overexpress endogenous EphB4, 
form smaller, less vascularized tumors in the pres- 


ence of soluble, monomeric EphB4 in vivo (Martiny- 
Baron et al. 2004). Soluble EphB4 may interfere with 
binding of endogenous EphB4 on tumor cells with 
endothelium expressing ephrin-B2, thus disrupting 
tumor angiogenesis. This hypothesis is supported 
by studies in which ephrin-B2 was overexpressed 
in colorectal cancer cells or in which a truncated 
EphB4 receptor construct was overexpressed in 
breast cancer cells (Liu et al. 2004; Noren et al. 
2004). While ephrin-B2 overexpression decreased 
tumor growth in xenografts, microvascular den- 
sity within colon tumors was signficantly elevated 
(Liu etal. 2004). Overexpression ofa truncated EphB4 
receptor construct in which the intracellular portion 
was deleted while the extracellular ligand-binding 
domain remained intact produced increased tumor 
growth and vascularity in mammary tumors, prob- 
ably via recruitment of ephrin-B2-expressing host 
endothelium through reverse signaling (Noren et al. 
2004). Ephrin-Bl overexpression has been reported 
in hepatocellular carcinoma, and overexpression of 
ephrin-B1 enhances tumor neovascularization in 
vivo (Sawai et al. 2003). Although proliferation of 
ephrin-Bl-overexpressing cells was not affected in 
culture, soluble ephrin-Bl enhanced endothelial cell 
proliferation and migration in vitro, suggesting that 
at least one function of ephrin-Bl in tumor progres- 
sion involves recruitment of blood vessels through 
angiogenesis (Nagashima et al. 2002; Sawai et al. 
2003). Taken together, these studies reveal a criti- 
cal role for class B receptors and ligands in tumor 
progression and vascular recruitment for multiple 
types of human cancer. 

EphA2 overexpression has been detected in mela- 
noma, prostatic adenocarcinoma, breast adenocar- 
cinoma, invasive ovarian and cervical carcinoma, 
esophageal cancer, and colorectal cancer (reviewed 
in: Brantley-Sieders et al. 2004a; Brantley-Sieders 
and Chen 2004; Ireton and Chen 2005). Ogawa 
et al. first noted co-expression of EphA2 RTK and 
its principal ligand, ephrin-Al, in both tumor cells 
and tumor endothelium, suggesting that this re- 
ceptor-ligand pair might contribute to tumor an- 
giogenesis (Ogawa et al. 2000). Similar expression 
patterns were also observed in two independent 
mouse models of angiogenesis-dependent cancer, 
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the RIP-Tag transgenic model of islet cell adenocar- 
cinoma and the 4T1 transplantable model of mam- 
mary epithelial adenocarcinoma (Brantley et al. 
2002). Expression of ephrin-Al was predominantly 
detected in tumor cells, while the majority of EphA2 
RTK protein localized to tumor-associated endo- 
thelium, suggesting that ephrin-Al might serve as 
a pro-angiogenic signal to attract EphA2-positive 
endothelial cells. To test this hypothesis, tumor- 
bearing animals were treated with soluble EphA-Fc 
fusion proteins in which the ligand-binding ectodo- 
main of EphA2 or EphA3 RTK was fused to human 
IgG. These reagents bind to multiple ephrinA ligands 
and disrupt binding and signaling through endoge- 
nous EphA RTKs (Cheng et al. 2002b). Soluble recep- 
tor (EphA2- or EphA3-Fc) treatment of 4T1 tumors 
transplanted into syngeneic Balb/c mice resulted in 
decreased tumor volume, proliferation, and survival 
accompanied by a decrease in microvascular den- 
sity within the tumor (Brantley et al. 2002). Eph A-Fc 
proteins also impaired endogenous tumor progres- 
sion in RIP-Tag mice (Cheng et al. 2003). Soluble 
EphA-Fc proteins did not alter growth or survival 
of tumor cells in culture, suggesting that the effects 
observed in vivo were secondary, probably due to 
impaired recruitment of blood vessels supplying 
nutrients and oxygen necessary for growth and sur- 
vival of the tumor (Brantley et al. 2002). Support- 
ing this hypothesis, soluble EphA-Fc treatment im- 
paired infiltration of host vessels into transplanted 
4T1 and RIP-Tag tumors in cutaneous window as- 
says (Brantley et al. 2002). Though soluble receptors 
do not affect proliferation or apoptosis in cultured 
endothelial cells, EphA-Fc proteins do impair eph- 
rin-Al- and VEGF-induced cellular migration and 
sprouting (Brantley et al. 2002; Cheng et al. 2002b), 
suggesting that these reagents might interfere with 
tumor angiogenesis at the level of endothelial mi- 
gration. Indeed, EphA-Fc inhibited 4T1 and RIP-Tag 
tumor cell-induced migration of endothelial cells in 
co-culture assays (Brantley et al. 2002; Cheng et al. 
2003). A recent study further confirmed the anti-an- 
giogenic activity of soluble EphA2-Fc. In this report, 
soluble EphA2-Fc inhibited outgrowth of new vessel 
sprouts from explanted aortic rings, while EphBl- 
Fe and EphB3-Fe induced microvessel sprouting, 


suggesting that EphA and EphB RTKs might have 
different functions in angiogenesis (Dobrzanski 
et al. 2004). Soluble EphA2-Fc also inhibited VEGF/ 
FGF-induced neovascularization in Matrigel plugs, 
tumor angiogenesis and progression of ASPC-1 hu- 
man pancreatic carcinoma xenografts, and growth 
and metastasis of orthotopic human pancreatic 
ductal adenocarcinoma (Dobrzanski et al. 2004). 
These data indicate that the effects of soluble EphA- 
Fc treatment on tumor progression involve impair- 
ment of tumor angiogenesis. 

These initial studies demonstrated that class A 
Eph RTKs play a role in tumor angiogenesis, prob- 
ably at the level of endothelial cell migration. How- 
ever, since soluble receptors are global inhibitors 
of EphA RTK signaling, the specific class A family 
member target(s) in endothelium remained uniden- 
tified. Based on expression data, and the observa- 
tions that endothelial cells expressing dominant 
negative EphA2 display defective assembly (Ogawa 
et al. 2000) and RIP-Tag tumor-induced migration in 
co-culture experiments (Cheng et al. 2003), EphA2 
was the most likely candidate. To test this hypoth- 
esis, EphA2-deficient mice were analyzed. Targeted 
disruption of EphA2 does not affect embryonic 
vascular remodeling (Joseph C. Ruiz, unpublished 
observations; (Brantley-Sieders et al. 2004b), consis- 
tent with the lack of expression in embryonic vas- 
culature (Ruiz and Robertson 1994). Since EphA2 is 
expressed in endothelial cells from mature tissues, 
the angiogenic potential of EphA2-deficient endo- 
thelial cells was assessed. Primary lung microvas- 
cular endothelial cells isolated from EphA2-defi- 
cient mice displayed defects in ephrin-Al induced 
vascular assembly and migration in vitro relative to 
cells isolated from control littermates, as well as im- 
paired assembly in vivo when transplanted into nude 
mice. Migration in response to ephrin-Al requires 
phosphoinoside-3 kinase (PI-3K) and Racl GT- 
Pase activation, the activation of which is impaired 
in EphA2-deficient endothelial cells (Brantley- 
Sieders et al. 2004b). Moreover, EphA2-deficient mice 
display defective angiogenic remodeling of endog- 
enous subcutaneous vessels in response to ephrin- 
Al (Brantley-Sieders et al. 2004b), suggesting that 
EphA2 RTK is necessary for postnatal angiogenesis 
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and possibly for tumor angiogenesis. Indeed, trans- 
plantation of 4T1 cells into EphA2-deficient host 
animals produced smaller, less vascularized tumors 
and impaired metastasis in vivo compared to wild- 
type or heterozygous controls (Brantley-Sieders 
et al. 2005). These defects are, at least in part, endo- 
thelial cell intrinsic, as co-transplantation of 4T1 tu- 
mor cells plus EphA2-deficient endothelial cells into 
wild-type hosts resulted in smaller tumors than in 
control endothelial cells, as well as failure of EphA2- 
deficient endothelial cells to survive and contribute 
to tumor vasculature (Brantley-Sieders et al. 2005). 

While expression analysis has correlated ephrin- 
Al with tumor neovascularization and progression 
in several mouse models of cancer and in human 
samples, functional evidence for ephrin-A-mediated 
regulation of tumor neovascularization has not been 
reported. Preliminary studies from our laboratory 
suggest that ephrin-Al indeed regulates vascular 
recruitment by tumor cells in vivo. Using siRNAs to 
downregulate expression of ephrin-Al in 4T1 tumor 
cells, we observed decreased tumor neovasculariza- 
tion and metastasis of ephrin-Al "knockdown" cell 
lines versus controls (Brantley-Sieders et al. 2006). 
These data, coupled with an observed decrease in 
ephrin-Al knockdown tumor cell-mediated endo- 
thelial cell migration in vitro, suggest that ephrin- 
Al is a pro-angiogenic factor in tumors. 


Cross-Talk Between 
Eph/Ephrin Family Members and 
Other Pro-Angiogenic Factors 


Because ephrin ligands are membrane-anchored 
rather than soluble, the mechanism of interaction 
with Eph/ephrin-expressing host endothelium, 
which is initially distant from the tumor mass, re- 
mains unclear. One attractive explanation involves 
cooperation between Eph family members and other 
pro-angiogenic factors that are soluble. For example, 
substantial evidence exists for cooperation between 
EphA and VEGF RTK, particularly since VEGF also 


contributes to angiogenesis in RIP-Tag and 4T1 tu- 
mors (Bergers et al. 2000; Prewett et al. 1999). EphA- 
Fc treatment not only impairs ephrin-Al-induced 
corneal angiogenesis, it also significantly inhibits 
corneal neovascularization in response to VEGF 
(Cheng et al. 2002b, 2003). Soluble EphA receptors 
also inhibit VEGF-mediated endothelial cell survival, 
sprouting, migration, and assembly in vitro (Brantley 
et al. 2002; Cheng et al. 2002b). In addition, combined 
delivery of soluble EphA2-Fc and VEGFR2 inhibitors 
inhibit endothelial sprouting in aortic ring assays in a 
synergistic fashion, more effectively than delivery of 
a single inhibitor (Dobrzanski et al. 2004). More re- 
cently, it was reported that vaccination to produce an 
immune response targeting EphA2 inhibits VEGF- 
induced angiogenesis in vivo (Hatano et al. 2004). 
EphA2 RTK specifically cooperates with VEGF, as 
EphA2-deficient endothelial cells fail to undergo vas- 
cular assembly and migrate in response to VEGF as 
well as ephrin-Al (Chen et al. 2005). Since VEGF, un- 
like ephrin ligands, is a soluble signal, VEGF signal- 
ing may initiate angiogenesis by activating host en- 
dothelial cells and inducing proliferation, a process 
not affected by EphA-Fc (Cheng et al. 2002b). Once 
host vessels infiltrate the tumor, membrane-bound 
ephrinA ligands may be able to bind to EphA2 RTK 
on adjacent endothelial cells to facilitate migration 
and assembly into functional tumor vessels. 
Alternatively or in addition to this mechanism 
of activation, VEGF may also modulate ephrin-Al 
expression and subsequent function within endo- 
thelial cells. Treatment of cultured endothelial cells 
with VEGF enhances expression of ephrin-Al and 
subsequent phosphorylation of EphA2 (Cheng et al. 
2002b). It is therefore possible that juxtacrine eph- 
rin-EphA2 signaling initiated by VEGF could con- 
tribute to vascular remodeling. Studies performed 
in cultured cells suggest that ephrin-Al may also 
mediate retraction of vascular smooth muscle cells 
in vascular remodeling. While ephrin-Al stimulates 
chemotaxis in endothelial cells through Racl activa- 
tion (Brantley-Sieders et al. 2004b), treatment of vas- 
cular smooth muscle cells with ephrin-Al produces 
the opposite effect, with inhibition of Racl and cell 
spreading (Deroanne et al. 2003). Additional stud- 
ies demonstrated that ephrin-Al treatment activates 
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RhoA through EphA4 RTK-mediated activation of a 
novel guanine nucleotide exchange factor in vascu- 
lar smooth muscle cells, Vsm-RhoGEF (Ogita et al. 
2003), which could also contribute to smooth muscle 
contractility. Ephrin-Al may therefore promote an- 
giogenic remodeling not only through modulating 
endothelial cell migration and morphogenesis, but 
also, perhaps, by causing vascular smooth muscle 
cell retraction. This could facilitate exposure of endo- 
thelium to angiogenic stimuli and assist movement 
of endothelial cells by disrupting the mural cell bar- 
rier. 

Cooperation and/or regulation of class B Eph 
RTKs and ephrins is also quite likely to contribute 
to tumor angiogenesis. The pro-angiogenic factors 
VEGF, bFGF, and HGF can upregulate expression of 
ephrin-B2 in cultured endothelial cells, whereas the 
vessel maturation factor angiopoetin-1 downregu- 
lates expression (Hayashi et al. 2005). A recently pub- 
lished microarray analysis revealed that mRNA levels 
for EphB4, ephrin-Bl, ephrin-B2, and ephrin-Al are 
downregulated in human microvascular endothelial 
cells treated with the angiostatic factor endostatin, 
which was confirmed by RT-PCR (Abdollahi et al. 
2004). Although vasculogenesis appears to occur nor- 
mally in EphB4-deficient mice (Gerety et al. 1999), a 
recent report suggests that EphB4 may modulate dif- 
ferentiation of hemangioblasts in cooperation with 
other pro-angiogenic factors. Wang et al. report that 
EphB4-deficient embryoid bodies display delayed ex- 
pression of the hemangioblast marker vascular endo- 
thelial growth factor receptor-2 (VEGFR-2/FIk-1), as 
well as defective vascular morphogenesis in response 
to VEGF and basic fibroblast growth factor (bFGF) in 
vitro (Wang et al. 2003). These data suggest that EphB 
RTKs and ephrin signaling may subtly impact vas- 
culogensis, and might explain why EphB4-deficient 
embryos die sooner than ephrin-B2-null mutants 
(Gerety et al. 1999; Wang et al. 1998). Thus, ephrins 
might regulate sensitivity to earlier vascular devel- 
opmental cues in addition to exerting direct effects 
on angiogenic remodeling of embryonic vasculature. 
These data highlight the complex regulation of tu- 
mor angiogenesis that is facilitated by cooperation 
between multiple pro-angiogenic pathways, includ- 
ing those mediated by the Eph family. 


Potential Therapeutic Strategies Targeting 
the Eph Family: Pros and Cons 


Due to the wealth of recently published studies dem- 
onstrating a role for the Eph family in tumor angio- 
genesis, it is not surprising that preclinical investi- 
gation into potential therapeutic strategies targeting 
these family members has been initiated. One impor- 
tant consideration deals with the broad expression 
profiles of these molecules in both tumor tissue and 
host, including vascular endothelium. Because many 
of these single factors influence tumor progression in 
both tumor cells and host microenvironment, these 
molecules are attractive targets for therepeutic inter- 
vention, as the potential exists for targeting multiple 
aspects of tumor progression through modulation of 
a single factor. However, the multiple, complex func- 
tions of Eph family members in both normal tissue 
homeostasis and in malignant progression demand 
a thorough understanding of both normal functions 
and roles in malignancy, as well as identification of 
stage and of precise target tissues so as to avoid un- 
desirable side effects or unintentional exacerbation 
of disease progression. 

In terms of therapeutic agents, soluble recep- 
tor or soluble ligand-mediated inhibition of Eph 
signaling represents the best-developed strategy 
in preclinical models of cancer. These fusion pro- 
teins consist of the extracellular domain of receptor 
or ligand fused to human IgG Fc, or to some other 
protein component that enables relatively easy pu- 
tification while eliminating the potential for dimer- 
ization. These proteins are able to bind and saturate 
endogenous receptors/ligands when delivered in 
vitro or in vivo, thus inhibiting endogenous signal- 
ing. Soluble EphA class fusion proteins, including 
EphA2-Fc and EphA3-Fc, have been used quite suc- 
cessfully to inhibit tumor angiogenesis and progres- 
sion in vivo (Brantley et al. 2002; Cheng et al. 2003; 
Dobrzanski et al. 2004), as discussed above. Given 
in vitro studies in which these fusion proteins were 
able to abrogate endothelial cell migration, sprout- 
ing, and morphogenesis in response to ephrin-Al, 
it appeared that this was the major mechanism by 
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which these reagents impaired tumor progression. 
Other reports, however, demonstrate that class A 
Eph receptors, particularly EphA2, function within 
tumor cells to facilitate tumor progression. EphA2 
expression has been observed in both tumor vas- 
culature and tumor parenchyma (reviewed in: 
Brantley-Sieders et al. 2004a; Brantley-Sieders and 
Chen 2004; Ireton and Chen 2005). As overexpression 
of EphA2 in non-malignant cells induces oncogenic 
transformation in vitro and tumor formation in vivo 
(Zelinski et al. 2001), while siRNA-mediated inhibi- 
tion of EphA2 expression impairs malignant pro- 
gression (Duxbury et al. 2004a; Landen et al. 2005), 
it is quite possible that soluble receptors also impair 
tumor cell-intrinsic processes that contribute to ma- 
lignancy. This is especially plausible given that host 
EphA2-deficiency alone produces a milder phenotype 
than global inhibition of EphA2 in host and tumor 
cells by soluble receptors in the 4T1 model (Brantley 
et al. 2002; Brantley-Sieders et al. 2005). Moreover, 
overexpression of dominant-negative mutant EphA2 
receptors in 4T1 cells impair tumor progression and 
metastasis in vivo, providing further support for 
multiple functions of EphA2 in both tumor and host 
(Fang et al. 2005). 

Soluble ligands or antibody ligand mimetics have 
been proposed as an effective strategy for targeting 
EphA2 receptor function in tumor cells. The interac- 
tion between an activating antibody (Carles-Kinch 
et al. 2002) or soluble ephrin-Al-Fe (Noblitt et al. 
2004) and tumor cell-expressed EphA2 receptor is 
thought to facilitate receptor internalization and 
degradation, thus disrupting the malignant function 
of the receptor by reduced surface expression. Treat- 
ment of tumor cells or tumors expressing EphA2 re- 
ceptor with soluble ephrin-Al-Fc can also reduce ma- 
lignancy by modulating focal adhesion kinase (FAK) 
activation or expression and subsequent invasiveness 
(Duxbury et al. 2004b; Miao et al. 2000). These strate- 
gies present a risk, however, of enhancing malignancy 
in some types of cancer, based on studies showing 
that elevated kinase activity of EphA2 can enhance 
malignancy (Fang et al. 2005) and based on the role 
of ephrin-Al in stimulating tumor angiogenesis in 
vitro and in vivo (Brantley-Sieders et al. 2004b, 2005; 
Cheng et al. 2003) (Brantley-Sieders et al. 2006). More 


information on the molecular pathways that deter- 
mine positive or negative effects of targeting EphA2 
through soluble ligands will be necessary before full 
clinical development of this strategy. 

Soluble receptor strategies have also been employ- 
eed to target interactions between endogenous class B 
receptors and ligands. Again, as a note of caution, sys- 
temic delivery of soluble receptors presents a risk in 
terms of the ability of these reagents to inhibit inter- 
actions between multiple receptors and ligands that 
are present in both the target disease organ and in 
healthy tissue. In addition, activation of reverse sig- 
naling by soluble EphB receptors has been validated 
in several models, adding another layer of complex- 
ity to their potential use in therapeutics. For example, 
although monomeric soluble EphB4 inhibits tumor 
growth and reduces microvascular density (Martiny- 
Baron et al. 2004), cell surface expression of a trun- 
cated EphB4 construct in tumor cells enhances tu- 
mor malignancy and vascularity in vivo, presumably 
through interactions with host endothelial ephrin-B2 
(Noren et al. 2004). Thus, the ability of dimeric solu- 
ble EphB4 to initiate reverse signaling through host 
ephrin-B ligands must be tested before clinical appli- 
cation. In addition, the recently reported tumor sup- 
pressor role of several EphB class receptors in colon 
carcinoma (Batlle et al. 2005) also demonstrates the 
need for caution in the application of class B inhibi- 
tors to avoid enhancing tumor malignancy through 
blocking EphB function. 

Other strategies for targeting Eph receptors in pre- 
clinical studies include activating antibodies, small 
binding peptides, vaccination, and delivery of siR- 
NAs targeting Eph receptors in vivo. As discussed 
above, activating antibodies that target EphA2 for 
degradation (Carles-Kinch et al. 2002) pose a risk for 
enhancing malignancy through EphA2 kinase acti- 
vation in tumor cells (Fang et al. 2005) or through 
activation in host endothelium (Brantley-Sieders et 
al. 2004b; Brantley-Sieders et al. 2005). Preclinical 
analysis of ephrin peptide mimetics is promising, as 
these peptides bind with high affinity to tumor cells 
and endothelium expressing EphA2 and can be used 
to deliver phage particles to the target tissues for drug 
delivery (Koolpe et al. 2002). Since this peptide is ca- 
pable of stimulating EphA2 phosphorylation, though, 


131 


132 


D. M. Brantley-Sieders and J. Chen 


the same concerns that exist for soluble ligands apply. 
The recently reported development of a vaccination 
strategy is also quite interesting. Peptides generated 
from EphA2 T-cell epitopes were used to vaccinate 
animals harboring tumors that were EphA2 posi- 
tive or negative. The EphA2 vaccine slowed growth 
and metastasis of both types of tumors (Hatano 
et a]. 2004), suggesting that host targets, such as endo- 
thelium, may also be affected by the vaccine. Finally, 
the first reported use of liposomes to deliver EphA2 
siRNAs in vivo proved efficacious in reducing tumor 
growth, particularly when coupled with chemother- 
apy (Landen et al. 2005). Ensuring specificity of de- 
livery to the tumor rather than non-targeted organs is 
crucial for further development of this strategy. 


Summary 


The Eph family of RTKs and their ephrin ligands have 
emerged as key regulators of angiogenesis during 
embryogenesis. In addition, they have been recently 
shown to regulate tumor progression and angiogen- 
esis in several cancer models. Through cooperation 
with a variety of oncogenic and pro-angiogenic path- 
ways, these factors mediate tumor progression by 
promoting vascular recruitment as well as through 
tumor cell-intrinsic modulation of oncogenic path- 
ways. Understanding the role of these molecules in 
both host and tumor tissue will enhance our ability 
to exploit this family in the development of new anti- 
angiogenic and anti-cancer therapies. 
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Abstract 


The neuropilins were described as receptors 
for the axon guidance factors belonging to the 
class 3 semaphorins subfamily. They were sub- 
sequently found to be expressed in endothelial 
cells and to function in addition as receptors 
for specific splice forms of angiogenic factors 
belonging to the VEGF family. There is increas- 
ing evidence indicating that the neuropilins 
and their associated plexin and tyrosine-ki- 
nase VEGF receptors play important roles as 
regulators of developmental angiogenesis and 
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in the events that initiate tumor angiogenesis. 
Their VEGF and class 3 semaphorin ligands 
were found to regulate angiogenesis as a result 
of their interaction with neuropilins. Further- 
more, many types of cancer cells express new- 
ropilins and there is accumulating evidence 
indicating that class 3 semaphorins and mem- 
bers of the VEGF family of growth factors can 
affect the behavior of cancer cells as a result of 
their interaction with neuropilins expressed by 
cancer cells. This chapter focuses on the role of 
the neuropilins and of their ligands in tumor 
angiogenesis and tumor progression. 
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Introduction 


Neuropilin-1 (np1) and neuropilin-2 (np2) were orig- 
inally characterized as neuronal cell surface recep- 
tors for axon guidance factors belonging to the class 
3 semaphorin subfamily. During the development 
of the central nervous system, class 3 semaphorins 
function primarily as repellants of axonal growth 
cones. To transduce semaphorin signals, neuropilins 
form complexes with members of the plexin receptor 
family in which the neuropilins serve as the ligand 
binding components and the plexins as the signal 
transducing components. The neuropilins were sub- 
sequently found to double as receptors for specific 
heparin binding splice forms of vascular endothelial 
growth factor (VEGF), and to be expressed in endo- 
thelial cells. This finding suggested that neuropilins 
as well as semaphorins and plexins may function as 
modulators of angiogenesis. It was indeed found that 
the neuropilins strongly modulate the pro-angio- 
genic signals of VEGF. Furthermore, several types 
of class 3 semaphorins, such as semaphorin-3F (s3f), 
function as repellents of endothelial cells, as regula- 
tors of vasculogenesis and developmental angiogen- 
esis, and as inhibitors of tumor angiogenesis. In this 
chapter we cover recent developments in this rapidly 
evolving field of research. 


The Neuropilins and the Plexins and Their 
Involvement in Semaphorin-induced Signal 
Transduction 


8.2.1 
The Neuropilins 


The human and mouse neuropilin family consists of 
two genes, npl and np2. Npl was originally identi- 
fied as a cell surface protein involved in neuronal 
recognition (Takagietal. 1991). Subsequent research 


identified the neuropilins as receptors for several 
semaphorins belonging to the class 3 semaphorin 
subfamily (He and Tessier-Lavigne 1997; Kolodkin 
et al. 1997; Giger et al. 1998; Chen et al. 1997; Stevens 
and Halloran 2005). The proteins encoded by the 
neuropilin genes are membrane-bound receptors, 
although splice forms encoding soluble extracellu- 
lar domains of npl and np2 have also been identi- 
fied (Gagnon et al. 2000; Rossignol et al. 2000). The 
two neuropilins share a very similar domain struc- 
ture, although the overall homology between npl 
and np2 is only 44% at the amino acid level (Giger 
et al. 1998; Chen et al. 1997). Both neuropilins con- 
tain two complement binding (CUB)-like domains 
(al and a2 domains), two coagulation factor V/VIII 
homology-like domains (bl and b2 domains), and 
a meprin (MAM) domain thought to be important 
for neuropilin dimerization and possibly for the 
interaction of neuropilins with other membrane 
receptors (He and Tessier-Lavigne 1997; Giger et 
al. 1998) (Fig. 8.1). Neuropilins possess a very short 
intracellular domain that is believed to be too short 
to support independent signal transduction. How- 
ever, this dogma may be inaccurate. The last three 
amino acids of npl (SEA-COOH) are highly con- 
served between vertebrates and bind specifically to 
the PSD-95/Dlg/ZO-1 domain of the NIP protein 
(Cai and Reed 1999) indicating that the intracellular 
domain is not completely inert. Additionally, there 
exist np2 splice forms that possess a completely 
different intracellular domain, once again provid- 
ing indirect evidence that the intracellular domain 
may not be devoid of biological function (Chen et 
al. 1997). 


8.2.2 
The Semaphorins 


The semaphorin family consists of more than 30 
genes divided into eight classes, of which classes 
1 and 2 are derived from invertebrates, classes 3-7 
are the products of vertebrate semaphorin genes, 
and class 8 contains viral semaphorins (Fig. 8.2). 
The semaphorins were previously referred to by an 
array of confusing designations. This situation was 


The Role of the Neuropilins and Their Associated Plexin Receptors in Tumor Angiogenesis and Tumor Progression 


Fig. 8.1. The neuropilin re- 
ceptor family. The two mem- 
bers of the neuropilin family 
are membrane-anchored 
receptors containing very 
short intracellular domains. 
Interestingly, there exist two 
np2 splice forms in which 
the transmembrane and 
intracellular domains are 
completely different (np2a 
and np2b). The s3a-binding 
domain of npl is located 
between the a2 and bI do- 
mains and partially overlaps 
the VEGF,,;-binding do- 
main. The MAM domain is 
required for receptor dimer- 
ization and for interaction 
with other receptors. For 
more details see the text 
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clarified several years ago by the adoption of a uni- 
fled nomenclature for the semaphorins (Goodman 
et al. 1999). The semaphorins are characterized by 
the presence of a sema domain approximately 500 
amino acids long located close to the N-terminus. 
The sema domain is essential for semaphorin sig- 
naling and determines the specificity of binding 
(Gherardi et al. 2004). The X-ray structures of the 
sema domains of semaphorin-3A (s3a) and sema- 
phorin-4D (s4d) were analyzed at the atomic level 
revealing a conserved seven-bladed [-propeller 
structure (Gherardi et al. 2004). 

Class 3 semaphorins are distinguished from 
other vertebrate semaphorins by being the only 
secreted semaphorins. In addition, they are distin- 
guished by the presence of a basic domain in their 
C-terminus (Fig. 8.2). The class 3 semaphorins s3a 
and semaphorin-3D (s3d) were found to be pro- 
duced as disulfide-linked homodimers, and the di- 
merization was found to be important for their bio- 
activity (Koppel and Raper 1998; Klostermann et 
al. 1998). It is therefore likely that the active forms 
of other class 3 semaphorins are also homodimeric. 
Various class 3 semaphorins differentiate between 
the two neuropilins. For example, it was found that 


al 
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Domain | bl 


Soluble 
Np1 


Np1 
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semaphorin-3A (s3a) binds to npl but not to np2, 
while semaphorin-3F (s3f) binds well to np2 but 
only with a much reduced affinity to npl (He and 
Tessier-Lavigne 1997; Kolodkin et al. 1997; Giger 
et al. 1998), The binding site of s3a in npl covers 
part of the second a-domain of npl and part of the 
first b-domain (Fig. 8.1) (Gu et al. 2002), The class 3 
semaphorins guide growth cones of elongating ax- 
ons by causing a localized collapse of the cytoskel- 
eton in the growth cone, thereby directing it in the 
opposite direction (Isbister and O'Connor 2000). 
When applied externally and non-directionally, 
class 3 semaphorins induce a general collapse of 
the cytoskeleton in responsive cells which is mani- 
fested by cell contraction (Takahashi et al. 1999). 
The class 3 semaphorin s3a was reported to func- 
tion in addition as an inducer of apoptosis (Shirvan 
etal. 1999; Bagnardeta]. 2004). Theintracellulardo- 
main of the neuropilins is short, and is assumed not 
to suffice to transduce biological signals. This view 
is supported by experiments that have shown that 
although npl is required for s3a-induced collapse 
of axonal growth cones, deletion of the cytoplasmic 
domain of np] does not inhibit s3a activity, suggest- 
ing the existence of independent signal-transduc- 
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Fig. 8.2, The semaphorin family. The different semaphorin subclasses are shown. Classes 3-7 contain vertebrate semapho- 
rins. The two main semaphorin subclasses containing members reported to function as angiogenesis regulators are class 3 
and class 4. Class 3 semaphorins are the only secreted vertebrate semaphorins. The subfamily contains seven known mem- 
bers. They are distinguished by a small basic domain and by an Ig-like domain in addition to the sema domain which is 
present in all semaphorins. Class 4 semaphorins are membrane-anchored semaphorins containing an Ig loop-like domain. 


For more details see the text 


ing moieties in semaphorin receptors (Nakamura 
et al. 1998). These were later identified as plexins 
(Takahashi et al. 1999; Tamagnone et al. 1999) 
(Fig. 8.3). In contrast, the other types of the verte- 
brate semaphorins can bind directly to plexins and 
do not require neuropilins for the initiation of sig- 
nal transduction (Tamagnone et al. 1999), 
Although the intracellular domain of the neu- 
ropilins is short, there are a few observations that 
suggest that this domain does have a function. The 
last three amino acids of npl contain a conserved 
SEA sequence which functions as a docking site 
for the postsynaptic density-95/Discs large/zona 
occludens-l1 (PDZ) domain containing protein 
NIP [also known as RGS-GAIP-interacting protein 
(GIPC)] (Cai and Reed 1999). Therefore, although 
repulsion of npl-expressing growth cones does not 
require the presence of the intracellular domain of 
npl (Nakamura et al. 1998), it may yet turn out to be 
required for additional npl functions. This notion is 


also supported by the identification of a np2 splice 
form in which the C-terminal domain (including the 
transmembrane domain) is completely exchanged 
to yield np2b (Fig. 8.3) (Chen et al. 1997). It is un- 
known whether these two np2 forms have different 
biological functions, but their mere existence indi- 
cates that the intracellular domains of the neuropi- 
lins, although short, are likely to possess functions 
which have yet to be discovered. 


8.2.3 
The Plexins 


The plexin family contains nine vertebrate mem- 
bers segregated into four classes, The plexins are 
transmembrane receptors containing a cytoplasmic 
sex/plexin (SP) domain that includes putative tyro- 
sine phosphorylation sites but no known enzymatic 
activity, Interestingly, their extracellular domains 
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Fig. 8.3. The plexin 
receptor family. There 
are currently nine known 
mammalian members 

of this family, grouped 
into four subfamilies. 
Members of the A, B and 
D subfamilies have been 
found to function as 
modulators of angiogen- 
esis. All plexins contain 
a sema domain and MET- 
related sequences. The 
intracellular part con- 


Sema domain 


MET-related sequence 


GTPase binding domain 
PDZ-domain binding site 


Glycine-proline (G-P) rich motif 


tains tyrosine residues 
that can be phosphory- 
lated but lack tyrosine 
kinase activity and a split 
GAP domain 


Convertase cleavage site >€, 


Split GAP domain 


are distinguished by the presence of a sema domain, 
by the presence of a Met-related sequence (MRS) 
domain and by glycine-proline (G-P) rich motifs 
which the plexins share with the tyrosine kinase 
receptors belonging to the Met receptor family 
(Fig, 8.3) (Trusolino and Comoglio 2002). The four 
type A plexins were found to form complexes with 
neuropilins and to serve as the signal-transducing 
components in the resulting semaphorin holo-re- 
ceptors (Tamagnone et al. 1999; Takahashi et al. 
1999). Recent evidence also identified plexin-D1 as 
a plexin that forms complexes with neuropilins to 
transduce semaphorin-3C (s3c) signals (Gitler et al. 
2004). Interestingly, although class 3 semaphorins 
such as s3a do not seem to be able to bind directly to 
plexins and do not activate plexin-mediated signal 
transduction in the absence of neuropilins, other 
semaphorins, including the class 3 semaphorin 
semaphorin-3E (s3e), do not require neuropilins 
and activate plexin-mediated signal transduction 
by direct binding to plexins (Fig, 8.4) (Gu et al. 2005; 
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Potiron and Roche 2005). Although semaphorins 
such as semaphorin-6D (s6d) and s3e activate signal 
transduction via plexin-Al and plexin-D1 directly, 
there exist other semaphorins, such as s3a and s3c, 
that activate the same plexins but are unable to bind 
directly to these plexins and require a neuropilin 
in order to activate signaling via these very same 
plexins (Fig. 8.4) (Toyofuku et al. 2004; Gitler et al. 
2004; Gu et al. 2005). In only a few studies have at- 
tempts been made to identify differences in signal 
transduction between different plexins activated by 
a common semaphorin or to determine how dif- 
ferent plexins affect the binding of semaphorins 
to neuropilins. These few studies indicate that the 
identity of the plexin affects the binding and the 
responses to class 3 semaphorins that bind to neu- 
ropilins (Rohm et al. 2000; Yaron et al. 2005). It 
is also unclear whether the direct as opposed to 
neuropilin-mediated activation of a plexin such as 
plexin-Al or plexin-D1 leads to similar or diverse 
biological responses. 
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Fig. 8.4. Known interactions of different semaphorins with plexin and neuropilin receptors. The interactions of different 
plexins or holo-receptors containing specific neuropilin/plexin complexes are depicted. Plexins are abbreviated here with 
p; thus, plexin-B] is designated pBI. neuropilins are designated n1 or n2, and nJ2 means that the semaphorin uses both 


neuropilins. For more details see the text 


8.2.4 
Plexin-Mediated Semaphorin Signaling 


The intracellular domain of the plexins does not 
contain a tyrosine kinase domain. However, intra- 
cellular tyrosine kinases such as Fes/Fps bind to 
s3a-activated plexins such as plexin-Al to phos- 
phorylate tyrosine residues in the intracellular do- 
main of plexin-Al which serve as docking sites for 
downstream signal-transducing proteins (Mitsui et 
al. 2002), The intracellular tyrosine kinase Fyn was 


found to bind to the intracellular domain of the 
plexin-A2 receptor and phosphorylate it in response 
to s3a (Sasaki et al. 2002). The serine-threonine ki- 
nase Cdk-5 also associates with plexin-A2 and phos- 
phorylates, in response to s3a, the CRMP2 protein, 
which serves as an important downstream target 
of plexins in neurons, binds to tubulin, promotes 
tubulin polymerization, and regulates cytoskeleton 
organization (Fig. 8.5) (Arimura et al. 2005; Brown 
et al. 2004). The intracellular domain of the Dro- 
sophila homolog of plexin-Al, plexin-A, contains in 
addition a binding site that enables association with 
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the flavoprotein oxidoreductase MICAL (molecule 
interacting with CasL), which was found to be es- 
sential for correct semaphorin-la-induced axon re- 
pulsion in Drosophila. MICAL has several vertebrate 
homologs that have been found to be important for 
the transduction of s3a and s3f signals (Terman et 
al. 2002; Pasterkamp et al. 2006). 

The intracellular part of several plexins such as 
plexin-B1 and plexin-Al contains a domain that 
functions as a binding site for GTPases such as RAC1 
and Rndl. This binding site is located between the 
Cl and C2 domains, which function as a split GT- 
Pase-activating (GAP) domain that binds the small 
GTPase R-Ras and leads to its inactivation, R-Ras 
controls integrin function, and its inactivation leads 
to localized cell detachment from the extracellular 
matrix (Oinuma et al. 2004a). R-Ras was also found 
to function as an important regulator of angiogen- 
esis (Komatsu and Ruoslahti 2005). In plexin-B1 the 
activation of the plexin GAP activity is associated 
with the binding of the small constitutively active 
GTPase Rnd! disrupts the association between the 
two separate arms of the GAP domain of plexin- 
Bl enabling the inactivation of R-Ras in response 
to s4d (Oinuma et al. 2004b). The GAP domain is 
conserved quite highly throughout the plexin fam- 
ily, although it is unclear whether it is functional 
in all plexins. Additional small GTPases and their 
corresponding guanine-nucleotide exchange factors 
(GEFs) and GAPs participate in the transduction of 
plexin-mediated signals. It was shown that type B 
plexins possess a PDZ binding motif at the C-termi- 
nus through which GEFs such as PDZ-Rho-GEF and 
leukemia-associated Rho-GEF (LARG) bind to type 
B plexins (Perrot et al. 2002; Aurandt et al. 2002). 
The small GTPase Rho is activated following the 
binding of these Rho GEFs to plexin-B], initiating a 
reorganization of the actin cytoskeleton in response 
to s4d (Fig. 8.5) (Hall 2005). 

The three type B plexins do not seem to function 
as receptors for class 3 semaphorins. They seem to 
function as receptors for membrane-bound class 
4 and class 5 semaphorins. The best characterized 
type B plexin is plexin-Bl, which serves as a recep- 
tor for semaphorin-4D (s4d) (Takahashi et al. 1999). 
The plexin-B1 receptor can form complexes with the 


Met tyrosine kinase receptor, which functions as a 
receptor for hepatocyte growth factor/scatter factor 
(Bottaro et al. 1991). Interestingly, the Met receptor 
can be activated in response to the binding of s4d to 
plexin-B1 (Giordano et al. 2002). 


8.2.5 

Additional Neuropilin-associated Cell Surface 
Molecules that Modulate Neuropilin-mediated 
Signal Transduction 


The neuropilins form complexes with additional cell 
surface molecules besides plexins. Npl was reported 
to form complexes with LI-CAM, an adhesion mole- 
cule which is primarily found in the central nervous 
system. Surprisingly, the association of L1-CAM 
with npl causes s3a to behave as an attractive mol- 
ecule (Castellani et al. 2000, 2002). This conversion 
of a repulsive signal to an attractive signal may be 
associated with changes in the intracellular levels 
of cGMP (Polleux et al. 2000; Castellani et al. 2002). 
An LI-CAM derived peptide was found to inhibit 
endocytosis of npl- and s3a-induced cytoskeletal 
collapse, indicating that endocytosis of npl/L1- 
CAM complexes may be important for s3a signal 
transduction (Castellani et al. 2004). The NrCAM 
adhesion receptor, on the other hand, was found to 
form complexes with np2 and seems to be required 
for semaphorin-3B (s3b)-induced signaling medi- 
ated by np2 (Julien et al. 2005). 


Neuropilins as VEGF Receptors 


8.3.1 
The VEGF Family 


VEGF (also known as VEGF-A) is considered to bea 
major angiogenic factor that plays an essential role 
in embryonic vasculogenesis and angiogenesis as 
well as in tumor angiogenesis (Neufeld et al. 1999). 


141 


142 


G. Neufeld and O. Kessler 


a 
Np-1 px Plexin-A1 


“ 
1 , ) 
4 
Phosphorylation Ps 
of Fes 


Activation of CRMP-2 


Induction of cytos- 
keletal changes. 


Induction of apoptosis. 
Inhibition of cell 
proliferation 


Reduced integrin 


Plexin-B] 


mediated 
adhesion. 


Cytoskeletal 
changes 


Fig. 8.5. The main signaling pathways activated by the plexin-A) and plexin-B1 following activation by their respective 
s3a and s4d ligands. Following the binding of s3a to npl, which is associated with plexin-Al in the presence or lack of s3a, 
plexin-Al is activated. Rnd1 binds to the GTPase binding site leading to activation of the intrinsic GAP domain, which leads 
to R-Ras inactivation and inhibition of integrin function. Simultaneously, other pathways involving activation of CRMP-2 
and MICALs lead to the reorganization of the actin and tubulin cytoskeleton. In the case of plexin-Bl, activation occurs 
directly, without involvement of neuropilins. Inactivation of integrin function via R-Ras inactivation occurs similarly. Cy- 
toskeletal changes are triggered by the activation of Rho GEFs via the PDZ-binding domain of plexin-B1. Rac is bound to 


plexin-Bl. As a result, Rac-mediated inhibition of PAK is relieved. For more details see the text 


Multiple forms of VEGF are produced as a result of 
alternative splicing. Three of these forms, VEGF z; 
VEGF,,;, and VEGF,,., are considered to be the ma- 
jor VEGF forms that are most frequently encoun- 
tered. These three major VEGF forms differ in the 
expression of exons 6 and 7 of the VEGF gene, The 
24-amino-acid peptide encoded by exon 7 is present 
in VEGF,,; and VEGF;,,, while the 17-amino-acid 
peptide encoded by exon-6 is present in VEGF,,- 
and VEGF,,5. Exons 6 and 7 encode independent 
heparin-binding domains, and VEGF,,,, which lacks 
both exons, does not bind to heparan sulfates or to 


heparin (Neufeld et al, 1999). All the VEGF forms 
bind and activate the VEGFR-2 tyrosine kinase re- 
ceptor, which seems to be essential for the transduc- 
tion of VEGF-induced angiogenic signals (Terman 
et al. 1992; Shibuya 2003). The VEGFR-1 tyrosine 
kinase receptor, on the other hand (Devries et al. 
1992), binds all the VEGF forms and is required for 
developmental and pathological angiogenesis (Fong 
et al. 1995; Luttun et al. 2002). Interestingly, knock- 
in experiments revealed that the tyrosine kinase 
domain is not required for developmental angiogen- 
esis (Hiratsuka et al. 1998). It is, therefore, thought 
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that this receptor and the soluble form of VEGFR-1 
function primarily as inhibitors of VEGF (Kendall 
and Thomas 1993; Ahmad and Ahmed 2004), al- 
though more recent evidence indicates that VEGF 
stimulation of VEGFR-1 plays an important role in 
the recruitment of macrophages and bone marrow- 
derived precursors of endothelial cells to tumors 
(Lyden et al. 2001; Luttun et al. 2002). 

The VEGF family contains four additional ver- 
tebrate family members. PIGF and VEGF-B bind to 
VEGFR-1 but not to VEGFR-2 (Neufeld et al. 1999). 
The lymphangiogenesis-promoting agents VEGF-C 
and VEGF-D, on the other hand, bind to the VEGFR- 
2 receptor and induce angiogenesis, but in contrast 
to VEGF do not bind to VEGFR-1 (Cao et al. 1998) 
(Tammela et al. 2005). However, both VEGF-C and 
VEGF-D bind to the third member of the VEGF ty- 
rosine kinase receptor subfamily, VEGFR-3 (Joukov 
et al. 1996; Achen et al. 1998), which is primarily 
expressed on lymphatic endothelial cells, enabling 
them to induce proliferation of lymphatic endothe- 
lial cells and lymphangiogenesis (Veikkola et al. 
2001; Kaipainen et al. 1995; Kukk et al. 1996). 


8.3.2 

The Interaction of VEGF with Neuropilins and 
Its Effect on VEGF-induced Signaling by 
Tyrosine Kinase Receptors for VEGF 


When the differences between the VEGF splice 
forms were investigated further, it was found that 
VEGF,,; was able to bind to a receptor that was not 
recognized by VEGF,,, (Gitay-Goren et al. 1996). 
This receptor turned out to be npl (Soker et al. 
1998). It was subsequently found that np2 also dis- 
tinguishes between VEGF,,, and VEGF,,, but, un- 
like npl, can bind the exon-6 containing VEGF,,; 
form of VEGF (Gluzman-Poltorak et al. 2000). The 
VEGF-binding domain of np] was mapped follow- 
ing the identification of the VEGF-binding proper- 
ties of the neuropilins. It was found that the VEGF- 
binding site partially overlaps the s3a-binding site, 
so that VEGF and s3a compete for binding to npl 
(Gu et al. 2002). Interestingly, it was possible to in- 
troduce mutations into the ligand-binding domain 


of npl which resulted in the complete nullification 
of the VEGF-binding ability, but did not compro- 
mise the binding of s3a to npl, indicating that the 
binding domains of VEGF and s3a overlap but are 
not identical (Gu et al. 2002). In contrast, the bind- 
ing of the np2 agonist s3f to np2 is not inhibited by 
VEGF «5 indicating that the binding sites of s3f and 
VEGF on np2 are independent (Gluzman-Poltorak 
et al. 2001). 

Since both neuropilins function as splice form- 
specific VEGF receptors, it was not surprising that 
they were found to affect VEGF signaling and func- 
tion in various experimental systems. Initially, the 
binding of VEGF,,; to npl was found to enhance 
VEGF,,;-induced migration of endothelial cells 
in cells that express, in addition to npl, the VEGF 
receptor VEGFR-2 (Soker et al. 1998). It was sub- 
sequently observed that soluble dimers of the npl 
extracellular domain enhance VEGF-induced vas- 
cular development, while monomers of the soluble 
extracellular domain function as VEGF); traps 
and inhibit VEGF-induced vascular development 
(Yamada et al. 2001). The role of npl in embryonic 
vascular development was also studied in gene tar- 
geting experiments. Mice lacking functional npl 
receptors suffer from impaired neural vasculariza- 
tion and from defects in the development of large 
arteries such as brachial arch arteries. In addition, 
the development of the heart was strongly impaired 
in these mice, and heart failure was responsible 
for their premature death (Kawasaki et al. 1999). 
Knock-in mice expressing a npl variant lacking 
s3a binding ability but retaining VEGF binding 
displayed normal vascular development but abnor- 
mal neural development, indicating that the VEGF 
binding ability of npl is critical for proper vascu- 
lar development. In contrast, the s3a binding ability 
is required in addition to the VEGF binding abil- 
ity for proper heart development (Gu et al. 2003). 
These results are strengthened by experiments 
showing that mice lacking a functional npl gene 
in their endothelial cells but not in other cell types 
also suffer from severe vascular abnormalities (Gu 
et al. 2003), and by experiments which show that 
proper development of the vasculature in zebraf- 
ish requires npl (Lee et al. 2002), and indicate that 
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npl expression is critical for proper development of 
blood vessels during embryonic development. 

The role of np2 in VEGF-induced vasculogen- 
esis and angiogenesis is less clear. The vasculature 
of mice lacking a functional np2 receptor devel- 
ops normally except for defects observed at birth 
in some lymphatic vessels (Yuan et al. 2002; Giger 
et al. 2000). However, these mice do not respond 
to VEGF,,, by retinal angiogenesis indicating that 
np2 is also important for angiogenesis (Shen et al. 
2004). The importance of np2 to vascular develop- 
ment is also highlighted in experiments in which 
mice lacking both functional neuropilins were gen- 
erated. These mice display a total lack of endothelial 
cells (Takashima et al. 2002), and their phenotype 
therefore resembles that of mice lacking functional 
VEGFR-2 receptors (Shalaby et al. 1995). Further- 
more, mice lacking a functional np2 gene and con- 
taining only one functional npl gene also displayed 
vascular abnormalities that were more severe than 
those observed in mice that lack both npl alleles 
(Takashima et al. 2002). 

The mechanism by which npl enhances 
VEGF,,;-induced signal transduction via the 
VEGF receptor VEGFR-2 is unclear. It was sug- 
gested that npl binds VEGF,,, and presents it to 
the VEGFR-2 receptor, thereby increasing respon- 
siveness to VEGF,,;. Such a mechanism ought to 
function “in trans” too, and it was indeed found 
that angiogenesis is enhanced in tumors contain- 
ing tumor cells expressing high levels of npl (Miao 
et al. 2000). It was recently suggested that npl 
contains a heparin-like domain that enables npl 
to bind a wide variety of heparin-binding growth 
factors such as basic fibroblast growth factor and 
not just VEGF,,;, and that as a consequence npl is 
able to potentiate the activity of a wide variety of 
heparin-binding growth factors (West et al. 2005). 
On the other hand, it was also reported that npl 
forms complexes with VEGFR-2 directly, although 
there is some disagreement as to whether these 
complexes form as a result of stimulation by VEGF 
(Whitaker et al. 2001; Soker et al. 2002; Gu et al. 
2002). The formation of such complexes may ac- 
count, at least partially, for the npl-dependent po- 
tentiation of VEGF,,; activity. 


8.3.3 
The Interaction of Additional VEGF Family 
Members with Neuropilins 


Recent evidence indicates that although PIGF does 
not seem to play an important role in developmental 
angiogenesis, it is important for pathological angio- 
genesis (Carmeliet et al. 2001; Luttun et al. 2002). 
However, these results are still controversial and 
under debate (Malik et al. 2005). It was observed 
that the heparin-binding form of PIGF, PIGF-2, binds 
npl. However, the functional consequences of this 
interaction are still unclear (Migdal et al. 1998). 
Likewise, it was reported that VEGF-B binds to npl, 
but here too the functional consequences are unclear 
(Makinen et al. 1999), In contrast, it was reported 
that the lymphangiogenic factor VEGF-C binds to 
neuropilin-2, which is highly expressed in lymphat- 
ics (Karkkainen et al. 2001; Yuan et al. 2002). VEGF- 
C activates angiogenesis via the VEGFR-2 tyrosine 
kinase receptor and lymphangiogenesis primarily 
by activating VEGFR-3 (Veikkola et al. 2001), but 
whether the interaction of VEGF-C with np2 modu- 
lates VEGF-C-induced lymphangiogenesis is still 
unclear. 


8.3.4 
The Role of the Neuropilins in VEGF-Induced 
Tumor Angiogenesis 


VEGF is now thought to function as a primary 
inducer of tumor angiagenesis (Ferrara 2002; 
Neufeld et al. 1999). The importance of the neu- 
ropilins for VEGF signaling suggests that neuro- 
pilin-mediated signaling also plays an important 
role in the induction of tumor angiogenesis by 
VEGF. However, the importance of neuropilin for 
VEGF-induced tumor angiogenesis has not yet 
been assessed directly. 
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The Role of Class 3 Semaphorins in Normal 
Angiogenesis and in Tumor Angiogenesis 


The class 3 semaphorins s3a, s3b, s3c, s3d and s3f 
bind to neuropilins, and the binding is required 
for initiation of signal transduction mediated 
by plexins (Kolodkin et al. 1997; He and Tessier- 
Lavigne 1997; Castro-Rivera et al. 2004; Takahashi 
et al. 1998; Gitler et al. 2004; Wolman et al. 2004; 
Chen et al. 1997). The primary neuropilin expressed 
in adult blood vessels is npl, and it was therefore 
logical to examine the effects of the npl agonist 
s3a on angiogenesis. $3a competes with VEGF,,; 
for binding to npl, inhibits VEGF,,;-induced pro- 
liferation and migration of endothelial cells, and 
inhibits the pro-angiogenic effects of VEGF165 in 
angiogenesis experiments in vitro (Miao et al. 1999). 
Subsequent experiments indicated that s3a inhibits 
developmental angiogenesis (Serini et al. 2003). To 
date, however, no effects of s3a on tumor progres- 
sion or on tumor angiogenesis have been reported. 
The class 3 semaphorin S3f was originally identi- 
fied as a tumor suppressor gene which is lost from 
small cell lung carcinoma cells (Xiang et al. 1996). 
Many types of tumor cells express neuropilins, and 
it was observed that s3f inhibits the proliferation, 
migration and spreading of several types of tumor 
cells, including lung and breast cancer-derived tu- 
mor cells, and inhibits the development of tumors 
from several types of small cell lung carcinoma- 
derived cell types (Xiang et al. 2002; Nasarre et al. 
2003; Nasarre et al. 2005). Another semaphorin that 
was originally identified as a tumor suppressor of 
small cell lung carcinoma is s3b (Tomizawa et al. 
2001). Interestingly, s3b was found to antagonize the 
anti-apoptotic effects that VEGF e; produces in NCI- 
H1299 lung cancer-derived cells, probably by inter- 
fering with neuropilin-mediated VEGF signaling in 
these cells (Castro-Rivera et al. 2004). These find- 
ings indicate that s3b and s3f can directly affect the 
behavior of tumor cells that express neuropilins. 
VEGF165 binds to np2 (Gluzman-Poltorak et al. 
2000), but the biological consequences of this in- 
teraction have not yet been investigated in detail. 


The binding of the np2-specific semaphorin s3f to 
np2 is not inhibited by VEGF,,,, suggesting that the 
VEGF,,; and the s3f-binding sites of np2 are inde- 
pendent (Gluzman-Poltorak et al. 2001). Neverthe- 
less, s3f was found to inhibit VEGF as well as bFGF- 
induced proliferation of endothelial cells and to 
inhibit bFGF- and VEGF,,;-induced angiogenesis in 
angiogenesis assays in vivo and in vitro. These ex- 
periments indicated that s3f may be able to inhibit 
tumor angiogenesis. Indeed, the development of tu- 
mors from s3f-expressing HEK293 cells implanted 
subcutaneously in nude mice was strongly inhibited 
compared to parental, empty expression vector- 
transfected HEK293 cells. The inhibition was proba- 
bly due to inhibition of angiogenesis, because s3f did 
not inhibit the proliferation of HEK-293 tumor cells 
in vitro, and because the tumors that did develop 
from the s3f-expressing cells contained significantly 
lower concentrations of blood vessels (Kessler et al. 
2004). In another study, it was observed that S3f is 
able to repel endothelial cells in vitro, indicating 
that it could also affect angiogenesis through repul- 
sion of newly formed blood vessels. In this study it 
was observed that expression of recombinant s3f 
in highly metastatic melanoma cells which express 
endogenous np2 receptors inhibited their ability to 
form metastases. Although the expression of s3f in 
these cells did not prevent the formation of primary 
tumors, it affected tumor angiogenesis, since the 
primary tumors contained a much lower density 
of blood vessels. In this study s3f also affected the 
tumor cells directly, reducing their adherence to fi- 
bronectin and downregulating integrin-Bl expres- 
sion (Bielenberg et al. 2004). Taken together, these 
studies indicate that s3f may be able to inhibit tumor 
progression using several mechanisms, including 
inhibition of angiogenesis. 

Another class 3 semaphorin that activates neuro- 
pilin-mediated signaling and may affect tumor an- 
giogenesis is s3c. S3c is a semaphorin that seems to 
signal through np2 or through npl/np2 complexes 
(Takahashi et al. 1998). Recently, it was found that 
both neuropilins associate with plexin-D1 to trans- 
duce s3c signals (Gitler et al. 2004). Mice lacking 
a functional plexin-D1 gene suffer from heart de- 
fects and vascular patterning defects, indicating 
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that plexin-D1 signaling plays an important role 
in vascular development (Feiner et al. 2001; Gitler 
et al. 2004; Torres-Vazquez et al. 2004). Plexin-D1 
was reported to be specifically expressed in tumor- 
associated blood vessels and may therefore represent 
a target for anti-angiogenic therapy (Roodink et al, 
2005). It should be noted that plexin-D1 can also be 
activated directly by the class 3 semaphorin s3e in 
the absence of neuropilins. Plexin-D1 signaling me- 
diated by S3e was found to play an important role in 
the patterning of intersomitic vessels in developing 
embryos, indicating that s3e is an important modu- 
lator of embryonic angiogenesis (Gu et al. 2005). It 
was also reported that s3e undergoes proteolytic 
processing and that the resulting cleaved s3e is more 
active than the unprocessed form. The cleaved s3e 
promoted tumor metastasis, promoted migration of 
an endothelial cell-derived cell line, and activated 
ERK1/2 phosphorylation in these cells (Christensen 
et al. 2005). More work will be required to elucidate 
the role of neuropilin-dependent and -independent 
plexin-D1 signaling and the possible effects of s3c 
and s3e on tumor angiogenesis. 


Membrane-Bound Semaphorins as 
Regulators of Angiogenesis 


$4d is the best-characterized membrane-bound 
semaphorin that utilizes plexin-Bl and plexin-B2 
as its receptors (Fig. 8.4). Plexin-B1 forms complexes 
with the MET tyrosine kinase receptor, which func- 
tions as a receptor for the angiogenic factor hepato- 
cyte growth factor (Bussolino et al. 1992). Activation 
of plexin-Bl by s4d leads to the activation of the Met 
tyrosine kinase receptor (Giordano et al. 2002). En- 
dothelial cells express plexin-B1 as well as Met, and 
it was therefore hypothesized that s4d may perhaps 
regulate angiogenesis. It was indeed found that s4d 
can function as a chemotactic factor for endothelial 
cells and that s4d induces angiogenesis through ac- 
tivation of the associated MET receptor (Conrotto 
et al. 2005). Interestingly, it was also reported that 


activation of plexin-Bl by s4d can induce angio- 
genesis by a Met-independent mechanism (Basile et 
al. 2004). A similar mechanism may also operate in 
the case of s6d. S6d utilizes plexin-Al as a recep- 
tor. Plexin-Al associates with VEGFR-2, and there 
is some evidence indicating that sód can induce 
signaling via VEGFR-2 in this complex (Toyofuku 
et al. 2004). 


Neuropilins as Modulators of VEGF-induced 
Tumor Angiogenesis 


8.6.1 
Effects of np1 on Tumor Angiogenesis 


Many types of tumor cells, including pancreatic can- 
cer cells, colon cancer cells, and breast cancer cells, 
express either npl or np2 (Parikh et al. 2004; Fu- 
kahi et al. 2004; Cohen et al, 2002; Soker et al. 1998; 
Stephenson et al. 2002; Kawakami et al. 2002; Han- 
sel et al. 2004). Membrane-bound npl, as well as 
soluble dimers of the extracellular domain of npl, 
enhances VEGF165-induced signaling mediated by 
the VEGFR-2 tyrosine kinase receptor, while solu- 
ble monomers of npl extracellular domains inhibit 
VEGF (Yamada et al. 2001). These observations in- 
dicates that npl may work “in trans” to enhance 
VEGFR-2 mediated VEGF165 signaling, indicating 
that npl expressed on tumor cells may perhaps be 
able to potentiate VEGF-induced signaling in adja- 
cent endothelial cells. In agreement with this hy- 
pothesis, it was found that overexpression of npl 
in AT2.1 prostate cancer cells led to faster tumor 
development even though it did not affect the pro- 
liferation rate of the cancer cells in vitro, indicating 
that the effects on tumor growth are not the result of 
a direct effect on the cancerous cells. The enhance- 
ment in tumor growth rate was accompanied by an 
increased density of blood vessels in the tumors, 
presumably due to such a “trans” effect on VEGF 
signaling (Miao et al. 2000). It seems, therefore, that 
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the expression of neuropilins on cancer cells may 
enhance the pro-angiogenic effects of VEGF. 


8.6.2 
The Effects of Soluble Monomers of np1 
Extracellular Domains on Tumor Progression 


Several secreted soluble splice forms of np] and np2 
have been described (Rossignol et al. 2000). One 
of these, a VEGF-binding secreted form of npl, 
contains a truncated extracellular domain of npl 
lacking the MAM domain thought to be important 
for receptor dimerization (Fig. 8.2). This secreted, 
soluble extracellular domain of npl inhibited the 
activity of VEGF, presumably through trapping and 
sequestration of VEGF. Tumors of rat prostate car- 
cinoma cells expressing this soluble npl form were 
characterized by extensive hemorrhage, damaged 
vessels, and by the presence of apoptotic tumor cells. 
It therefore seems that this monomeric soluble np1 
form functions as a VEGF165 antagonist and as an 
inhibitor of tumor angiogenesis and tumor progres- 
sion (Gagnon et al. 2000). 


Expression of Neuropilins in Tumor Cells 
and Direct Effects of Neuropilins on Tumor 
Cell Behavior 


8.7.1 
Expression of np1 and np2 in Cancerous Cells 


Cancer cells do not usually express tyrosine kinase 
VEGF receptors, but many types of cancerous cells 
express one or both neuropilins. Colon carcinoma 
cells express npl, and its expression was reported 
to be correlated with a better prognosis in one 
study (Kamiya et al. 2006). In another study npl 
expression was correlated with a highly malignant 
phenotype of gastrointestinal tumors (Hansel et al. 
2004). In gliomas, overexpression of npl is corre- 


lated with poor prognosis (Osada et al. 2004). Npl 
overexpression is also correlated with aggressive 
prostate cancer (Latil et al. 2000), and androgen-in- 
dependent prostate cancer-derived cells such as PC3 
cells express high levels of npl (Li and Sarkar 2002). 
Np! was also found to be expressed in breast can- 
cer-derived cells such as MDA-MB-231 cells (Soker 
et al. 1998). Myoepithelial cells of ducts and lobules 
in both neoplastic and non-neoplastic tissue speci- 
mens derived from neoplastic areas of breast can- 
cer display a stronger positive reaction for npl than 
those in the normal breast (Stephenson et al. 2002). 
Both neuropilins were found to be highly expressed 
in tumor cells of pancreatic ductal adenocarcinoma 
and in cell lines derived from such tumors (Fukahi 
et al. 2004). Np2 is also expressed in a variety of tu- 
mors and tumor-derived cell lines. Np2 is expressed 
in osteosarcoma, and high expression levels corre- 
late with poor prognosis (Handa et al. 2000). In the 
gastrointestinal tract, np2 is strongly expressed in 
neuroendocrine cells but its expression is decreased 
in carcinoid tumors which develop from these cells 
(Cohen et al. 2001). In contrast, np2 is highly ex- 
pressed in endocrine pancreatic tumors. 


8.7.2 
The Effects of Neuropilins Expressed in 
Tumor Cells on Tumor Cell Behavior 


The expression of neuropilins in tumor cells was 
in some cases found to affect the survival and mi- 
gration of tumor cells directly. Thus, inhibition of 
np] expression or function in breast cancer-derived 
tumor cells resulted in the induction of apoptosis 
and increased the susceptibility to chemotherapy 
in breast cancer cells (Barr et al. 2005). Overexpres- 
sion of npl in npl-deficient breast cancer cells pro- 
tected them from apoptosis by an angiogenesis-in- 
dependent mechanism, indicating that the presence 
of npl in these cells contributed to their survival 
(Bachelder et al. 2001). In breast cancer cells it was 
also found that VEGF,,; increases cell attachment 
and cell spreading by a npl-dependent mechanism 
(Nasarre et al. 2003). Furthermore, even though 
MCF7 breast cancer cells express npl and no np2, 
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it was found that s3f inhibited cell-cell adhesion, 
which was associated with decreased E-cadherin 
and beta-catenin expression. In the case of the mo- 
tile C100 breast cancer cells, which do express np2, 
it was found that s3f had a repulsive effect (Nasarre 
et al. 2005). 

Np! overexpression in the human pancreatic can- 
cer cell line FG increased constitutive mitogen-ac- 
tivated protein kinase (MAPK) signaling, enhanced 
resistance to anoikis, and increased the resistance 
of cells to chemotherapy, while downregulation of 
npl expression in pancreatic cancer-derived Panc- 
1 cells markedly increased chemosensitivity (Wey 
et al. 2005). Interestingly, overexpression of a npl 
variant lacking a VEGF- or semaphorin-binding 
ability in Panc-1 cells reduced several key tumori- 
genic properties, including anchorage-independent 
cell growth and migration in vitro, and resulted in 
reduced tumor incidence and tumor volume in vivo. 
Conversely, reduction of npl expression by small 
interfering RNA targeting led to enhanced tumor 
growth (Gray et al. 2005). 


Conclusions 


The neuropilins have been shown to function as re- 
ceptors for VEGF and for some class 3 semaphorins. 
As VEGF receptors they play a part in the induc- 
tion of angiogenesis, but several class 3 semapho- 
rins seem to inhibit angiogenesis as a result of their 
interaction with neuropilins. The neuropilins fulfill 
an important role in VEGF-induced developmental 
angiogenesis as demonstrated in gene targeting ex- 
periments, while the importance of semaphorins to 
developmental angiogenesis is not well established 
as yet and more work will be required in order to 
determine whether class 3 semaphorins play impor- 
tant roles in the regulation of developmental angio- 
genesis. However, there exists a growing body of 
evidence indicating that class 3 semaphorins such as 
s3f may be capable of inhibiting pathological angio- 
genesis such as the angiogenesis that accompanies 


the growth of solid tumors, and that they may, in 
addition, also affect tumor progression by directly 
affecting the behavior of tumor cells. The next few 
years will probably result in more information that 
will lead to a better understanding of the role of the 
neuropilins and their ligands in tumor progression. 
It is hoped that these new insights will lead to the 
development of new anti-tumorigenic drugs based 
upon semaphorins or on drugs targeting neuropilin- 
mediated VEGF-induced signal transduction. 
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of vascular mural cells. The text also reviews 
studies which have confirmed important 
roles of PDGF receptor signaling in tumor an- 
giogenesis, predominantly involving effects 
on the mural cells. Thereafter, pre-clinical 
studies demonstrating anti-angiogenic and 
anti-tumoral effects of PDGF inhibitors are 
reviewed. Finally, results from clinical stud- 
ies using drugs that block PDGF-receptors 


Abstract 


The PDGF growth factors make up a family 
of five dimeric growth factors acting through 
the two dimeric tyrosine kinase PDGF œ- and 
B-receptors. This chapter summarizes the 
findings, predominantly from analyses of 
genetically modified mice, which have estab- 


lished important functions for PDGF recep- 
tor signaling in the recruitment and growth 
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PDGF Ligands and Receptors 


9.1.1 
The PDGF System: Five Dimeric Ligands and 
Two Tyrosine Kinase Receptors 


9.1.1.1 
PDGF Ligands 


The PDGF family of growth factors are encoded by 
four genes that give rise to four homodimeric proteins 
- PDGF-AA, -BB, -CC, -DD - and one heterodimeric 
form - PDGF-AB (Heldin et al. 1998). The four differ- 
ent PDGF genes have similar exon-intron architecture 
and all code for proteins with a classical amino-ter- 
minal hydrophobic signal sequence. The conserved 
PDGF core domain is characterized by eight con- 
served cysteine residues. The PDGF A-chain gene 
is subject to alternative splicing, which gives rise to 
forms with or without a carboxy-terminal negatively 
charged “retention sequence” (see below) (Betsholtz 
et al. 1986, 1990). The PDGF C- and D-genes differ 
from the other by encoding an amino-terminal CUB 
domain (see below) (Heldin et al. 2002). 

Biosynthesis of the dimeric PDGF proteins involve 
intracellular dimerization, mediated by cross-wise 
disulfide formation of the second and fourth cysteine 
residues, which precedes processing of amino- and 
carboxy-terminal pro-sequences (Andersson et al. 
1992; Ostman et al. 1988, 1992). The pro-sequences, 
which show significant variations between the PDGF 
isoforms, are important for determining localiza- 
tion and latency. PDGF-BB and dimers of the long 
splice form of PDGF-AA contain carboxy-terminal 
retention sequences mediating pericellular retention 
through binding to proteoglycans. PDGF-CC and -DD 
differ from other PDGF isoforms by being secreted 
as latent version, which are activated upon cleavage 
of the amino-terminal CUB domain. Recent studies 
suggest tissue plasminogen activator and urokinase 
plasminogen activator as the most important prote- 
ases for cleavage of the CUB domain (Fredriksson 
et al. 2004, 2005; Ustach and Kim 2005). 


Characterization of the three-dimensional struc- 
ture of PDGF-BB revealed that the chains of the dimer 
are arranged in an anti-parallel manner, creating an 
elongated bowl-shaped structure (Oefner et al. 1992). 
This overall structure is similar to that of vascular 
endothelial growth factor (VEGF), and also includes 
a structurally distinct pattern of disulfide bridges 
- designated cysteine knot - also seen in members 
of the TGF-beta and NGF families of growth factors 
(Murray-Rust et al. 1993). The receptor-binding part 
has been mapped, by mutational studies, to the two 
distal parts, which each are composed of distinct 
loops from the two subunits (LaRochelle et al. 1990, 
1992; Ostman et al. 1991b). 


9.1.1.2 
PDGF Receptors 


The two PDGF receptors are designated a- and B- 
receptors. The two receptors are encoded by distinct 
genes on chromosome 4 and 5, respectively, and are 
independently regulated (Heldin and Westermark 
1999). Structural features of the receptors include 
an extracellular domain composed of five Ig-like 
domains, a single transmembrane domain and an 
intracellular part with a split tyrosine kinase do- 
main surrounded by a juxtamembrane region and 
a carboxy-terminal tail. The two PDGF receptors are 
most similar in their kinase domains, which show 
about 80% amino acid conservation. In contrast, the 
extracellular parts show only 30% conservation. Dur- 
ing biosynthesis the receptors undergo glycosylation 
before insertion into the plasma membrane. Turnover 
of receptors occurs through receptor internalization 
and degradation. 


9.1.1.3 
Ligand-Receptor Interactions 


The five PDGF ligands display distinct receptor- 
binding specificities (Heldin and Westermark 
1999). In brief, PDGF-BB can induce the formation 
of all three possible receptor dimers (c/a, a/B, B/B), 
whereas PDGF-AA and -DD signal only through 
a/a and B/B receptors, respectively. PDGF-AB and 
-CC can both induce receptor heterodimers, and 


Platelet-derived Growth Factor: Impact on Physiological and Tumor Angiogenesis 


in addition signal through PDGF a-receptor ho- 
modimers. 

In all cases ligand binding involves receptor di- 
merization through the formation of a complex com- 
posed of one bivalent dimeric PDGF ligand and two 
receptor molecules (Heldin et al. 1989). As of now, 
the structure of a PDGF ligand-receptor complex 
has not been solved. However, biochemical stud- 
ies have indicated that ligand binding particularly 
involves the second and third Ig-like domains of 
the receptors (Heidaran et al. 1990; Miyazawa et al. 
1998). Furthermore, receptor-receptor interaction, 
involving the fourth Ig-like domain, contributes 
to stabilization of ligand-induced receptor dimers 
(Omura et al. 1997). 


9.1.2 
PDGF Receptor Signaling 


Characteristic cellular responses to PDGF stimula- 
tion include proliferation and chemotaxis. The mo- 
lecular details underlying these responses to PDGF 
stimulation have been extensively studied and have 
revealed a complex pattern of cell-specific activation 
of multiple interacting pathways (Heldin et al. 1998). 
What follows below is a brief summary that high- 
lights major concepts, and molecules and pathways 
of particular interest. 


9.1.2.1 
Signal Transduction Triggered by PDGF Receptor 
Activation 


Ligand-induced receptor dimerization leads to auto- 
phosphorylation of tyrosine residues, outside the ki- 
nase domain, which induce site-specific recruitment 
of proteins with phospho-tyrosine-binding domains 
such as SH2 or PTB domains. These proteins include 
adaptor proteins, such as grb2/sos and shc, which 
both contribute to activation of ras signaling, and 
signaling enzymes such as tyrosine kinase c-Src, 
the tyrosine phosphatase SHP-2, phospho-lipase C- 
gamma and the lipid kinase PI-3 kinase. The ac- 
tivation of these enzymes include direct tyrosine 
phosphorylation as in the case of PLC-gamma, con- 


formational changes as for SHP-2 or translocation 
to a place of substrate access, as exemplified by PI-3 
kinase. 

Although some initial studies indicated that 
strong links could be made between particular sig- 
naling enzymes and specific cellular responses, such 
as migration or proliferation, there is now an emerg- 
ing consensus that such a notion is too simplistic. It 
is now rather believed that quantitative differences 
in signal strength and duration are more important 
determinants for the type of response that is elic- 
ited. 


9.1.2.2 
Negative Regulation of PDGF Receptor Signaling 


The major mechanisms for termination of PDGF 
receptor signaling are ligand-induced receptor 
internalization and dephosphorylation by pro- 
tein-tyrosine phosphatases (PTPs). Concerning 
PDGF-receptor-targeting PTPs, both cytosolic and 
receptor-like PTPs have been implicated as negative 
regulators, including PTP-1B, TC-PTP and DEP-1 
(Haj et al. 2003; Markova et al. 2003; Persson et 
al. 2004). A potentially interesting concept that has 
emerged from these studies is that different PTPs 
act in a site-specific manner (Persson et al. 2004). 
This implies that changes in the profile of PTP ac- 
tivity in cells will impact on the pattern of receptor 
phosphorylation and thereby possibly determine the 
type of cellular response triggered by ligand stimu- 
lation. 


9.1.2.3 
Differences Between Signaling of Different 
PDGF Receptor Dimers 


As mentioned above, the intracellular parts of the 
PDGF a- and f-receptors display a large degree of 
conservation, and most auto-phosphorylation sites 
are conserved between the two receptors. Some 
noteworthy differences include the fact that the 
RasGAP binding site of the B-receptor (P-Tyr-771) 
has no counterpart in the a-receptor, and that the 
Shc-binding sites of the B-receptors appear to be 
to unique to this isoform (Ronnstrand and Hel- 
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din 2001). Furthermore, detailed comparison of 
the phosphorylation patterns of the B-receptor in 
a/B- and B/B-dimers revealed reduced P-Tyr-771 
phosphorylation in the heterodimer which might 
be biologically significant (Ronnstrand and Heldin 
2001). Genetic approaches have also been employed 
to compare the in vivo signaling capacity of recep- 
tors (Klinghoffer et al. 2001). One intriguing find- 
ing of this study was that the a-receptor kinase do- 
main failed to execute some of the functions of the 
B-receptor in vascular development. 


PDGF and Physiological Angiogenesis 


9.2.1 
Role of PDGFs in the Development of 
Vascular Mural Cells 


The PDGFs are structurally closely related to the 
VEGFs. The VEGF family of growth factors regu- 
lates angiogenesis primarily through direct effects 
on endothelial cells. The PDGFs play a role in angio- 
genesis by having direct effects on the mural cells of 
the vascular wall, the vascular smooth muscle cells 
(vSMC) and the pericytes (reviewed in: Betsholtz 
2004; Hoch and Soriano 2003). 


9.2.1.1 
Role of PDGF c-Receptors in Mural Cell Precursors 


Developing and mature pericytes express primarily 
PDGF $-receptors, but o-receptors are expressed as 
wellin the vSMC of larger vessels. Knockout of the a- 
receptor gene, pdgfra, leads to defective formation of 
mural cells in the cardiac outflow tract and malfor- 
mation of this region, contributing to the embryonic 
lethality of pdgfra null mice at around embryonic 
days (E) 14-16 (Soriano 1997). PDGF a-receptors 
play a role in the proliferation and migration of 
neural crest-derived mesenchyme, which may ex- 
plain why mural compartments derived from neural 


crest, such as that of the cardiac outflow tract, are 
affected in pdgfra knockouts. The embryonic kid- 
ney is another site where mesenchymal precursors 
of mural cells depend on PDGF a-receptors (Ding 
et al. 2004). Whereas PDGF a-receptors may thus 
play a role in the development of certain mesen- 
chymal precursors of mural cell precursors, it is not 
known whether they also play a role in the already 
established mural cells. 


9.2.1.2 
Role of PDGF B-Receptors for Mural Cell 
Proliferation and Migration 


PDGF f-receptors appear dispensable for the induc- 
tion of mural cells from immature mesenchyme; 
pdgfrb knockouts establish an early coat of mural 
cells around the large trunk vessels and cardiac 
outflow tract (Hellstrom et al. 1999). However, sub- 
sequent proliferation of mural cells and their lon- 
gitudinal recruitment along angiogenic sprouts fail 
in pdgfrb knockouts. These mutants are perinatally 
lethal (Soriano 1994), and the cause of death appears 
to be widespread microvascular dysfunction caused 
by lack of pericytes, resulting in extensive microvas- 
cular hemorrhage and edema. 


9.2.1.3 
PDGF-B is the Critical PDGF B-Receptor Ligand 
During Development 


Pdgfb knockouts (Leveen et al. 1994; Lindahl et al. 
1997) and pdgfrb knockouts have indistinguishable 
phenotypes. Pdgfd null mice have not yet been re- 
ported, and it is therefore too early to rule out a 
role for PDGF-D in development. Pdgfc null mice 
share some of the characteristics of pdgfra null mice, 
and the pdgfa/pdgfc double-knockout phenocopies 
the pdgfra knockout, suggesting that PDGF-AA and 
PDGF-CC have cooperative functions via PDGF a- 
receptors during development (Ding et al. 2004). To- 
gether, these observations also suggest that PDGF- 
BB is the major ligand for PDGF §-receptors in the 
regulation of pericyte recruitment during develop- 
mental angiogenesis. However, the possibility re- 
mains that PDGF-C and -D have vascular functions 
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in the postnatal period. Future conditional genetic 
silencing of individual PDGF ligands and receptors 
in the postnatal period will shed additional light on 
these questions. 

The major source of PDGF-BB for its function in 
pericyte recruitment appears to be the endothelial 
cells. The vascular endothelium expresses pdgfb 
(Lindahl et al. 1997). Particularly strong expression 
has been demonstrated in the endothelial tip cells 
of the sprouts (Gerhardt et al. 2003) and in devel- 
oping arteries (Hellstrom et al. 1999), i.e. at sites 
where active recruitment and proliferation of mu- 
ral cells take place. Endothelium-restricted abla- 
tion of PDGF-B leads to defective pericyte recruit- 
ment and a set of organ defects similar to that in the 
full PDGF-B knockout (Enge et al. 2003; Bjarnegard 
et al. 2004). Conversely, ablation of PDGF-B in he- 
matopoietic cells through bone marrow transplan- 
tations (Kaminski et al. 2001), or neuro-ectoderm- 
selective ablation of PDGF-B (Enge et al. 2002), i.e. 
ablation in the two other major sites of PDGF-B ex- 
pression during development, did not result in vas- 
cular complications. 

Thus, expression patterns and genetic studies 
have revealed that PDGF-BB produced by endo- 
thelial cells triggers PDGF -receptor signaling 
in neighboring mural cells in order to regulate 
their recruitment to sprouting and growing blood 
vessels. This paracrine mode of signaling is par- 
tially dependent on retention of secreted PDGF-B 
at the surface of the producing cell or in the ex- 
tracellular matrix (LaRochelle et al. 1991; Ostman 
et al. 1991a). Deletion of the carboxy-terminal 
retention sequence in PDGF-B leads to aberrant 
detachment of pericytes from the developing mi- 
crovessels and results in a microvascular phe- 
notype similar to that of full knockout, with the 
difference that pericytes are present but aber- 
rantly attached to the microvessels (Lindblom 
et al. 2003). The exact molecular identity of the 
PDGF-B retention sequence-binding epitope(s) has 
not yet been defined, but the abundance of basic 
amino acid residues within the retention sequence 
suggests that PDGF-B may associate with heparan 
sulfate proteoglycans surrounding the producer 
cell. 


9.2.2 
Consequence of Pericyte Defects for 
Angiogenesis 


9.2.2.1 
Angiogenesis in the Absence of PDGF-B or 
PDGFB-Receptors 


Insight into the role of pericytes for the angiogenic 
process has come mainly from analyses of the defec- 
tive vascular development in mice carrying targeted 
mutations in pdgfb or pdgfrb. Studies of sprouting an- 
giogenesis in the central nervous system (CNS) sug- 
gest that this process does not require pericytes per se. 
Sprouting and fusion of vessels into a primitive vas- 
cular network takes place in the absence of pericytes, 
and at least some degree of functionality of the vascu- 
lature is established, as organ development (including 
CNS development) proceeds relatively normally until 
E17-E19 (birth). However, vessels devoid of pericytes 
do not mature properly and display several abnor- 
mal features, including endothelial hypercellular- 
ity, vascular tortuosity and the formation of focal 
dilations (microaneurysms), altered organization of 
endothelial cell junctions, increased vesicular trans- 
port, increased leakage of plasma and blood cells, and 
aberrant formation of the luminal plasma membrane 
(Hellstrom et al. 2001). Many of these abnormalities 
are observed also in tumor vessels (Hashizume et al. 
2000), which are also frequently poor in pericyte cov- 
erage. It is therefore possible that some of the aberra- 
tions typical for tumor vessels may reflect a defective 
pericyte coat (Abramsson et al. 2002). 

It is difficult to determine the direct versus indi- 
rect effects of pericyte deficiency on endothelial cell 
and microvessel formation and function. As soon as 
the vessel functionality becomes insufficient with re- 
gard to blood and nutrient supply to the developing 
organs, hypoxia is likely to result, with consequent 
upregulation of VEGF. Embryonic development is 
highly sensitive to the levels of VEGF, and as little 
as twofold upregulation of VEGF has been shown to 
lead to lethal vascular aberrations (Miquerol et al. 
2000). Pdgfb and pdgfrb knockouts display an ap- 
proximately twofold increase in VEGF levels at late 
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gestation (Hellstrom et al. 2001), which might con- 
tribute to some of the above-mentioned abnormali- 
ties, in particular to the increased extravasation of 
plasma and blood cells. Thus, whereas the studies of 
pdgfb and pdgfrb mutant mice have established that 
pericytes have a critical role in the development of a 
fully functional vasculature, it is still not clear exactly 
how pericytes promote vessel maturation and stabili- 
zation, and what is the molecular mediator(s) of this 
process. 


9.2.2.2 
Retinal and Glomerular Capillaries Are Particularly 
Sensitive to Pericyte Loss 


Two sites appear particularly sensitive to pericyte 
dysfunction (and PDGF-B/PDGF (-receptor signal- 
ing), namely the retina and the renal glomerulus. 
Both sites have a high abundance of pericytes (me- 
sangial cells in the renal glomeruli), in comparison 
with other organs and tissues. Mutants with partial 
pericyte deficiency, such as the endothelial-spe- 
cific pdgfb knockouts (Bjarnegard et al. 2004; Enge 
et al. 2002), the PDGF-B retention motif knockouts 
(Abramsson et al. 2003; Lindblom et al. 2003), the 
pdgfrb F-series (tyrosine-phenylalanine substitu- 
tions) (Tallquist et al. 2003; Tallquist et al. 2000) 
and PDGF B/a chimeric receptor mutants (Kling- 
hoffer et al. 2001) all show various degrees of reti- 
nopathy and glomerulopathy, in the most severe 
cases leading to blindness and proteinuria. Similar 
effects on retinal and glomerular development have 
been reported following administration of neutral- 
izing PDGF B-receptor antibodies to newborn mice 
(Uemura et al. 2002). 


9.2.2.3 
Physiological Consequences of 
Abnormal Extracellular Distribution of PDGF-BB 


The postnatal survival of some of the pdgfb and 
pdgfrb mutants has permitted analysis of certain 
circulatory physiological parameters. It was re- 
cently reported that PDGF-B retention sequence 
knockouts show reduced physical performance 
(Nystrom et al. 2006). This correlated with two 


structural defects in the blood vessels. First, the 
aorta displayed an increased diameter and stiff- 
ness, fewer layers of VSMC and increased media 
collagen. No changes were observed in resistance 
vessels and the blood pressure was normal, sug- 
gesting a specific effect on the remodeling and 
function of conduit vessels. Since pdgfb and pdgfrb 
knockouts show aortic dilation at late gestation, it 
is possible that the increased stiffness and media 
collagen seen in adult PDGF-B retention-sequence 
knockouts reflect a remodeling process that has 
occurred secondary to the increased vessel wall 
tension, which is an expected consequence of the 
dilation (at constant blood pressure). Second, a re- 
duced capillary density was observed in skeletal 
muscle. Probably, this reflects the impairment of 
pericyte association with the microvessels in this 
mutant, adding some confirmation to the notion 
that pericytes are needed for endothelial survival 
and capillary stability. The reduced capillary den- 
sity provides a direct explanation for the reduced 
physical performance of PDGF-B retention-mo- 
tif knockouts in the absence of reduced cardiac 
function and lower blood pressure (Nystrom et al. 
2006). 


PDGF and Tumor Angiogenesis 


9.3.1 
PDGF Receptor Expression in Human Tumors 


Analyses of the physiological functions of PDGF 
receptors have implied that PDGF receptors are 
highly important for the development of mesen- 
chymal cells, such as pericytes, fibroblasts, smooth 
muscle cells and mesangial cells. In most cases, 
this occurs through paracrine stimulation follow- 
ing ligand production in epithelial or endothelial 
cells. 

In general, this pattern appears to be maintained 
in the common epithelial solid tumors, in which 
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PDGF B-receptor expression has been consistently 
demonstrated in pericytes and tumor fibroblasts. 
A recent analysis of a tumor tissue array of 25-75 
samples each of different tumor types, including 
breast, colon, lung, prostate and ovarian cancer, has 
provided further support for this concept (Pauls- 
son, Sjöblom et al., in preparation). Perivascular 
PDGF -receptor staining was found in variable 
fractions of tumors with frequencies ranging from 
56% in melanomas to 11% in prostate cancer, Tu- 
mor fibroblast PDGF -receptor expression in tu- 
mor fibroblasts was commonly observed, with the 
highest frequency found in colorectal cancer (51%) 
and the lowest in melanoma (11). Similar analyses 
of PDGFa-receptor expression indicate, in general, 
very little staining of perivascular cells and vari- 
able expression in the fibroblasts, as exemplified by 
41% positive colon cancer cases, compared to only 
4% of breast cancers. 

In addition to this, there are tumor types where 
PDGF receptor expression also occurs in the ma- 
lignant cells (reviewed in (Ostman 2004). Gliomas, 
glioblastomas, soft tissue sarcomas and osteosar- 
comas are examples of tumor types where PDGF 
receptor signaling might be directly involved in the 
growth of the malignant cells. 


9.3.2 
Regulation of Tumor Pericytes by PDGF 


The functional significance of PDGF receptor ex- 
pression on tumor pericytes has been explored in 
various animal tumor models. 

An important role for pericyte recruitment and 
growth of locally retained endothelial cell-derived 
PDGF-BB was deduced by analyzing tumor an- 
giogenesis in which the pericellular retention of 
PDGF-BB produced by endothelial cells had been 
manipulated (Lindblom et al. 2003). Furthermore, 
malignant cells engineered to overproduce PDGF- 
BB or -DD were demonstrated to promote peri- 
cyte coverage of tumor vessels, compared to their 
wild-type counterparts (Furuhashiet al. 2004; Guo 
et al. 2003). Finally, co-injection of tumor cells and 
wild-type pericytes gave rise to better-organized 


pericyte coverage than that observed after co-in- 
jection of PDGF B-receptor-negative mesenchymal 
cells (Abramsson et al. 2003). 


9.3.2.1 
Functional Consequences of Variations in 
Tumor Vessel Pericyte Coverage 


Some of these studies also indicated that the PDGF- 
dependent variations in pericyte coverage had func- 
tional consequences with regard to vessel function, 
tumor growth and tumor metastasis (Furuhashi 
et al. 2004; Xian et al. 2006). In general, higher peri- 
cyte coverage was associated with a tendency towards 
reduction of vessel diameter and reduced hemorrhage. 
One study also clearly demonstrated that the increased 
pericyte coverage, which in this model occurred in the 
absence of increase in vessel density, enhanced tumor 
growth (Furuhashiet al. 2004). Analyses of tumor per- 
fusion, by functional MRI and staining of perfused 
vessels, indicate that the enhanced pericyte coverage 
is associated with enhanced perfusion, thus emphasiz- 
ing the role of PDGF-dependent pericyte coverage in 
tumor vessel maturation and function (Robinson et 
al., submitted). 

Deficient tumor vessel pericyte coverage was re- 
cently correlated with increased hematogenous me- 
tastasis from insulinomas in two different genetic 
mouse models - PDGF-B retention-sequence knock- 
outs and mice deficient for neural cell adhesion 
molecule (N-CAM) (Xian et al. 2006). A negative 
correlation between vSMC abundance and metas- 
tasis in human tumors was also recently indicated 
through transcription profiling of primary solid tu- 
mors. Out of a 17-gene signature associated with in- 
creased metastatic propensity, 4 of 9 downregulated 
genes represent markers for vSMC (Ramaswamy 
etal. 2003) and may therefore reflect alterations inthe 
tumor stroma rather than in the tumor cells them- 
selves. A negative correlation between expression of 
the SMC marker h-caldesmon and metastasis in hu- 
man melanoma has also been reported (Koganehira 
et al. 2003). Together, these observations highlight 
the possibility that vessels that are de-stabilized as 
a consequence of pericyte/vSMC deficiency may be 
more prone to invasion by tumor cells. 
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9.3.2.2 
Origin of Tumor Pericytes 


The origin of PDGF-dependent pericytes is still in- 
completely characterized. It is likely that prolifera- 
tion among local pericytes is a major mechanism 
for expansion of this cell type during tumor angio- 
genesis. Also, conversion of stromal fibroblasts to 
pericytes has been proposed. Most recently, a role 
for bone-marrow-derived precursors in the forma- 
tion of tumor pericytes was proposed, based on the 
identification of marrow-derived cells among tumor 
pericytes of mouse tumors (Song et al. 2005). This 
latter study also provided a preliminary identifica- 
tion, which merits further investigations, of distinct 
pericyte subsets with varying marker expression 
and PDGF dependency. 


9.3.3 
PDGF-dependent VEGF Production in 
Tumor Stromal Cells 


VEGF is a key factor in tumor angiogenesis. Al- 
though the malignant cells of the tumors are in gen- 
eral considered as the major source of VEGF produc- 
tion, there is good evidence that stromal fibroblasts 
also represent a significant source of VEGF. 

Studies of human tumor tissue have described 
stromal production of VEGF. Furthermore, an el- 
egant study using mice in which GFP was expressed 
under the control of the VEGF promoter identified 
stromal fibroblasts as a major source of VEGF pro- 
duction activity in both subcutaneous and ortho- 
topic experimental tumors (Fukumura et al. 1998). 
More recently, PDGF receptors expressed on fibro- 
blasts were identified as key upstream regulators of 
stromal VEGF production. In a study using VEGF” 
tumor cells, tumor formation was still found to be 
sensitive to treatment with anti-VEGF antibodies 
(Dong et al. 2004). Stromal fibroblasts were identi- 
fied as the source of VEGF production and, inter- 
estingly, this angiogenic activity could be blocked 
by interfering with the signaling of PDGF a-recep- 
tors exclusively expressed on mesenchymal stromal 
cells. 


Together, these studies thus suggest that PDGF 
receptor signaling in tumor fibroblasts exerts an 
important indirect effect on angiogenic function by 
stimulating the VEGF production in these cells. 


9.3.4 
PDGF Receptor Expression on Lymph- and 
Hemangiogenic Tumor Endothelial Cells 


PDGF receptor expression on tumor endothelial 
cells remains controversial, and the literature con- 
tains conflicting information. In general, it should be 
noted that many PDGF receptor antibodies, as well as 
phospho-PDGF receptor antibodies, that have been 
used in immuno-histochemical analyses have been 
incompletely characterized with regard to specific- 
ity. Furthermore, most standard formats for tissue 
analyses make it difficult to distinguish staining of 
pericytes and endothelial cells. Finally, phenotypic 
analyses of numerous PDGF-ligand and -receptor 
knockout mice have so far failed to provide strong 
evidence for functionally significant PDGF receptor 
signaling in endothelial cells. With these reservations 
in mind, some studies remain that merit discussion 
to encourage continued research efforts. 

Analyses of a mouse prostate cancer bone me- 
tastasis model indicated that growth of bone me- 
tastases was associated with induction of PDGF 
B-receptors in endothelial cells (Uehara et al. 2003). 
Functional] relevance was indicated both by demon- 
stration of an activated state of receptors, through 
phospho-PDGF-receptor immunohistochemistry, 
and by growth-inhibiting effects of PDGF antago- 
nists. Subsequent studies from the same group have 
demonstrated similar findings from models of bone 
metastases of breast cancer, ovarian cancer grown in 
the intraperitoneal cavity and orthotopically grown 
pancreatic carcinoma (Apte et al. 2004; Hwang et al. 
2003; Kim et al. 2004; Lev et al. 2005). These find- 
ings merit continued analyses, among which de- 
tailed studies of corresponding human tumor tissue 
should be prioritized. 

Tumor lymphangiogenesis is highly dependent on 
activation of VEGF-3 receptors (Alitalo et al. 2005). 
The first set of evidence for a functional role of PDGF 
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receptors in this process was recently presented, with 
the demonstration of enhanced tumor lymphangio- 
genesis in murine fibrosarcomas after overexpres- 
sion of PDGF-BB in the tumor cells (Cao et al. 2004). 
To what extent this effect occurred through direct 
effects of PDGF-BB on lymphatic endothelial cells, 
or indirectly through induction of VEGFR-3 ligand, 
remained incompletely characterized. The former 
mechanism received some support from studies 
on cultured lymphatic endothelial cells. Given the 
significance of lymphangiogenesis for metastases, 
these findings obviously need further validation. 


PDGF Receptors in Tumor Vessel as 
Cancer Drug Targets 


9.4.1 
PDGF Antagonists 


9.4.1.1 
Neutralizing Antibodies 


Isoform-specific neutralizing polyclonal and mono- 
clonal] antibodies against PDGF ligands and recep- 
tors have been generated and successfully used to 
define PDGF-dependent processes in animal disease 
models (reviewed in (Ostman and Heldin 2001). 
Most of these studies have analyzed the importance 
of PDGF receptor signaling in atherosclerosis and 
restenosis, but significant effects have also been ob- 
tained in tumor models. 

Humanized antibodies are most attractive as 
candidate drugs for clinical application. PDGF a- 
receptor-neutralizing activity of one such antibody 
was recently characterized (Loizos et al. 2005). Clin- 
ical cancer studies with neutralizing PDGF receptor 
antibodies are still scarce, and the only published 
example is a report where a PEG-conjugated FA 
fragment targeting the PDGF B-receptor was used to 
analyze effects on tumor perfusion (see Sect. 9.4.3) 
(Jayson et al. 2005). 


9.4.1.2 
Soluble Receptors 


Recombinant soluble receptors constitute a ge- 
neric class of growth factor antagonists. PDGF- 
antagonistic effects of such proteins have also been 
demonstrated. Two variants worth special atten- 
tion are fusion proteins where the PDGF receptor 
sequence has been fused either to the conserved 
part of the immunoglobulin heavy chain or to 
GST (Heidaran et al. 1995; Leppanen et al. 2000). 
In both cases inhibitory effects were observed at 
nanomolar concentrations, which were believed to 
be dependent on the dimeric nature of both these 
receptor constructs. To date, none of these types 
of antagonists have been developed for clinical 
applications. 


9.4.1.3 
LMW Kinase Inhibitors 


The first selective LMW inhibitor of the PDGF recep- 
tor tyrosine kinase was described in 1994 (Kova- 
lenko et al. 1994), Since then a series of compounds 
have been introduced that are now in various 
phases of clinical development (some examples are 
detailed below). Two characteristics shared by all 
these compounds are that they inhibit both PDGF 
a- and B-receptors, and that they block some other 
tyrosine kinases at the concentration required for 
PDGF receptor inhibition. The manner in which the 
compounds differ from each other is in potency, i.e. 
concentration required for PDGF receptor inhibi- 
tion, and selectivity profile. 

Imatinib is the most established PDGF receptor 
inhibitor, with demonstrated clinical efficiency in 
PDGF-dependent malignancies such as dermatofi- 
brosarcoma protubernas, hypereosinophilic syn- 
drome and a subset of gastrointestinal tumors with 
activating PDGF c-receptor mutations (reviewed in 
(Capdeville et al. 2002; Ostman 2004). Two multiki- 
nase inhibitors with anti-PDGF receptor activity has 
also recently been approved by the US Food and Drug 
Administration (FDA) - sunitinib and sorafenib 
(www.fda.gov). Finally, a novel highly potent PDGF 
receptor inhibitor (CP673451) with a more specific 
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target profile has been introduced and is now enter- 
ing clinical trials (Roberts et al. 2005). 


9.4.2 
Studies in Animal Models 


Preclinical studies have defined three distinct con- 
cepts implying that PDGF receptors in cancer ves- 
sels are therapeutically relevant proteins. Firstly; 
inhibition of PDGF receptors on endothelial cells 
has been associated with direct anti-angiogenic ef- 
fects. Secondly, PDGF-antagonist-mediated target- 
ing of pericytes has been demonstrated to act syner- 
gistically with inhibitors of VEGF receptor. Thirdly, 
evidence has been presented suggesting that PDGF 
receptor inhibition of stromal cells, including peri- 
cytes and fibroblasts, have a beneficial effect on tu- 
mor drug uptake. 

As discussed above, activated endothelial cell 
expression of PDGF receptors has been detected 
in mouse models of bone metastases of breast and 
prostate cancer lesions. Treatment of these with 
STI571 was shown to lead to reduced vessel density, 
apoptosis of tumor endothelial cells and concomi- 
tant reduction in growth of metastases (Ueharaet al. 
2003). Studies from the same group have also dem- 
onstrated anti-angiogenic effects of combination of 
STI571 with gemcitabine or paclitaxel in models of 
orthotopic growth of pancreas cancer and intraper- 
itoneal growth of ovarian cancer, respectively (Apte 
et al. 2004; Hwang et al. 2003; Kim et al. 2004; Lev et 
al. 2005). Also, in these models, endothelial expres- 
sion of activated PDGF receptors was demonstrated 
by immunohistochemistry. 

The concept of a two-pronged attack on tumor 
vessels by combined targeting of PDGF-dependent 
pericytes and VEGF-dependent endothelial cells 
was first validated by Bergers and colleagues (Berg- 
ers et al. 2003). Their study compared the effects 
of PDGF antagonists and VEGF antagonists, and 
combinations thereof, in different phases of tu- 
mor growth in the RIP-Tag model of insulinomas. 
Whereas VEGF antagonists showed strong effects in 
a setting designed to prevent tumor formation, only 
the combination was able to reduce the size of estab- 


lished tumors. Convincing analyses of these tumors 
also demonstrated that PDGF receptor expression 
was restricted to the pericyte part of tumor ves- 
sels. Subsequently, similar findings were made after 
treatment of subcutaneously grown C6 rat gliomas 
(Erber et al. 2004). 

Solid tumors are characterized by high intersti- 
tial fluid pressure (IFP), which has been postulated 
to act as a barrier to tumor drug uptake (Jain 2001). 
The mechanisms underlying this phenotype are in- 
completely understood. Tumor features which have 
been implicated include the absence of functional 
lymphatic vessels, leaky immature vasculature 
and the presence of activated fibroblasts (Heldin 
et al. 2004). In tumor models with PDGF receptor 
expression restricted to pericytes and fibroblasts, 
transient inhibition of stromal PDGF receptors has 
been demonstrated to reversibly reduce tumor IFP 
and increase tumor drug uptake (Baranowska-Kor- 
tylewicz et al. 2005; Pietras et al. 2001, 2002, 2003). 
Although inhibition of tumor fibroblasts has been 
considered as the major mediator of these interest- 
ing effects, it can still not be excluded that some of 
these changes also involve alterations in pericyte 
function. 


9.4.3 
Clinical Effects of Drugs with Anti-PDGF Activity 
Involving Anti-angiogenesis 


The antitumor activity of the FDA approved multi- 
kinase inhibitors sunitinib and sorafenib are gen- 
erally believed to involve anti-angiogenic effects 
which occur through the ability of these drugs to 
exert combined anti-endothelial and antipericyte 
actions via inhibition of both VEGF and PDGF re- 
ceptors (Larkin and Eisen 2006). In renal cell cancer, 
phase III studies with sorafenib and sunitinib have 
demonstrated survival benefits of both drugs (ab- 
stracts at ASCO meetings 2005 and 2006). 

These results are likely to be followed by reports 
of results in phase II/II studies from many other 
tumor types in the near future. It will be interest- 
ing to see whether these studies can be performed 
in a manner that can directly demonstrate that an- 
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tipericyte effects, involving PDGF receptor inhibi- 
tion, contribute to the antitumor activity. Obvious 
goals for continued evaluation of anti-angiogenic 
strategies include the identification of markers for 
particularly sensitive or resistant tumors. In this 
context it should be remembered that tumors ap- 
pear to show wide variations with regard to pres- 
ence of PDGF receptor-positive pericytes. It thus 
seems warranted to investigate possible relation- 
ships between pericyte status and sensitivity to 
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anti-angiogenic drugs with or without anti-PDGF 
receptor activity. 

Alterations in vascular tumor physiology follow- 
ing treatment with PDGF antagonists were recently 
directly demonstrated in a study which applied MRI 
analyses of patients treated with a neutralizing PDGF 
receptor antibody (Jayson et al. 2005). In this study, 
an increase in relative blood volume was observed 
following PDGF receptor inhibition. This change is 
compatible with a reduction in IFP, mediated by tu- 
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Fig. 9.1. Schematic depiction of paracrine PDGF and VEGF functions in solid tumors and their consequences for the tumor 
vasculature and stroma. Interplay between tumor cells (red), blood vessel endothelium (blue), pericytes (green) and fibro- 
blasts (yellow), PDGF-BB production by sprouting endothelial cells promotes pericyte recruitment to the growing sprout. 
PDGF -receptor agonists (-BB or -DD) produced by tumor cells may stimulate pericytes to detach from the vessels. PDGF 
a- and -receptor agonists (-AA, -AB, -BB, -CC, -DD) produced by the tumor cells may influence fibroblast recruitment, and 
B-receptor agonists may increase the interstitial fluid pressure within the tumor. Pericyte deficiency or detachment from the 
vessels may facilitate metastatic dissemination of tumor cells. In addition to the tumor cells, both stromal fibroblasts and 
pericytes may contribute to the production of VEGF, which increases vascular permeability and interstitial Quid pressure, 
as well as triggering endothelial sprouting and proliferation as part of the tumor angiogenic response 
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mor fibroblasts, but might also reflect functional or 
structural changes of the tumor vasculature caused 
by perturbed pericyte functions. 


Concluding Remarks 


Genetic and pharmacological experiments, primar- 
ily performed in rodents, have firmly established a 
role of PDGF-B-containing PDGF ligands and the 
PDGF f-receptor in pericyte recruitment to newly 
formed blood vessels, both under physiological con- 
ditions and in tumors. More broadly, PDGF ligands 
and receptors have also been shown to have indi- 
rect roles in angiogenesis, for example by promoting 
the recruitment of stroma cells (e.g. "fibroblasts") as 
pericyte/VSMC precursors or as important sources 
of endothelial mitogens (such as VEGF) (Fig. 9.1). 
Based on data obtained from various experimental 
animal models, it may therefore appear attractive to 
attempt tumor vessel targeting, directly or indirectly, 
by inhibiting PDGF/PDGF receptor signaling. One 
possible caveat which requires further exploration 
is that the abnormal and dysfunctional vessels that 
may result from PDGF/PDGF receptor inhibition or 
pericyte/vSMC targeting may also be more prone to 
invasion by tumor cells, possibly promoting tumor 
dissemination. Other tumor parameters that may be 
influenced by PDGF/PDGF receptor targeting include 
IFP, reduction of which may have the beneficial effect 
of enhancing drug delivery to the tumor. 
Altogether, there is thus now ample experimental 
rationale for testing PDGF or PDGF receptor antago- 
nists clinically in human patients with the aim of 
inhibiting formation or maturation of tumor blood 
vessels. However, since many basic aspects of the 
PDGF, mural cell, and tumor stroma biology remain 
poorly understood, it is also important to continue 
addressing fundamental questions in various exper- 
imental model systems. 
Notes added in proof: The phase III studies with sorafenib and 


sunitinib in renal cell cancer are now published (Escudier B et 
al., NEJM, 2007 and Motzer, RA et al., NEJM, 2007). 
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Abstract 


The hypoxia-inducible factor (HIF) is a 
well-known transcription factor recognized 
to play a key role in tumour angiogenesis 
through a cellular response to a low tissue 
oxygen concentration, a feature of a rapidly 
expanding tumour, Malignant cells initially 
proliferate in a nourishing vascular envi- 
ronment, but as the tumour mass develops 
it rapidly outstrips its vascular supply of 
nutrients and oxygen, leading to a cellular 
stress response that initiates metabolic and 
micro-environmental adaptive changes. A 
low level of oxygen, or hypoxia, directly regu- 
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Ambient and Tissue Oxygen Gradients 


Hypoxia is a deficiency in the availability of oxygen 
and may be encountered at an atmospheric level, as 
in increasing altitude, or within mammalian tissues. 
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Hypoxia in tissues may bea necessary part ofa physio- 
logical event, in particular in embryogenesis, but may 
also be a characteristic of certain pathophysiological 
situations such as ischaemic diseases and cancer. 


10.1.1 
Thinning of Air with Increasing Altitude 


The proportion of oxygen in the air is around 21% 
(160 mmHg) at sea level and decreases with increas- 
ing altitude (Fig. 10.1). High-flying (3,000-9,000 m) 
migratory birds that are exposed to a rarefied atmo- 
sphere show cardiopulmonary and haematological 
adaptation, including a high haemoglobin-oxygen 
affinity. While the vast majority of humans live at, 
or close to, sea level, some populations such as the 
inhabitants of the Andean mountains live at very high 
altitude (around 4,000 m) and have adapted to condi- 
tions of low oxygen, hypobaric hypoxia. Individuals 
living at high altitude are subject to tumours of the 
carotid body (the peripheral oxygen-sensing organ) 
that have been shown to result from mutations in 
a tumour suppressor gene, succinate dehydrogenase 
D. The increased penetrance and severity of these 
tumours in these individuals provides a link to 


~ 


/ \ 
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Fig. 10.1. The oxygen partial pres- 

\ sure (PO,) correlated to altitude. With 
increasing altitude PO, (measured here 
in mmHg) drops. Individuals residing 
near sea level experience a physiologi- 
cal and biochemical response when 
confronted with increasing altitude, 
which results in an increase in respira- 
tion and cardiac output and produc- 
tion of molecules such as erythropoi- 
etin that increase the capacity of blood 
to transport oxygen 
(http://www.mountaineering.ie) 


oxygen sensing (Astrom et al. 2003). Short-term ex- 
posure of people who live at low altitude to hypobaric 
hypoxia results in a physiological and biochemical 
response that includes, respectively, an increase in 
the heart and respiratory rate and an increase in the 
synthesis of a multitude of different proteins, includ- 
ing erythropoietin (Epo), that help mammals adapt 
to hypoxic stress. Epo, as everybody in the sporting 
world knows, increases the red blood cell count and 
thus increases the capacity of blood to transport oxy- 
gen. After much discussion the 1968 Olympic Games 
were held in Mexico City, but the choice of this loca- 
tion was controversial due to the city’s high altitude 
of 2,300 m (Fig. 10.1) At this altitude the oxygen level 
is 30% less than at sea level. Athletes participating in 
endurance events experienced a low level of perfor- 
mance, while those in events requiring a rapid burst 
of energy were advantaged. 


10.1.2 
Progressive Tissue Distribution of Oxygen 


At sea level the oxygen partial pressure (PO,) of in- 
spired air is around 160 mmHg. A substantial drop in 
the PO, is then observed in the lungs, in part due to 
water vapour and diffusion (Fig. 10.2), The blood fow- 
ing from the alveolar capillaries carries the oxygen, at 
a PO, of around 104 mmHg, towards organs and tis- 
sues for their oxygenation. Here a further drop in the 
PO, is observed, to a level well below that present at 
the peak of Mount Everest. The normal PO, of a given 
tissue depends on the type of organ; for example, rat 
spleen has a measured PO, of around 16 mmHg while 
for the thymus it is 10 mmHg (Braun et al. 2001). Thus, 
certain normal tissues can be considered as hypoxic. 
The normal rat retina, due to its low vascularity, is 
also relatively hypoxic (2-25 mmHg) (Yu and Cringle 
2005). The normal tissue of the rat brain is even more 
hypoxic, 0.4-8.0 mmHg, depending on the location 
(Erecinska and Silver 2001). Oxygen has been reported 
to only diffuse within a distance of 100-200 um froma 
capillary, anda PO, of almost zero has been reported at 
only 100 pm from blood vessels (Folkman et al. 2000; 
Gatenby and Gillies 2004). Thus, tissues such as the 
retina with a low vascularity are relatively hypoxic. 


Hypoxia and Tumour Angiogenesis 


Fig. 10,2. The PO, gradient from inspired air to normal and 
tumour tissues. A significant drop in PO, is observed as in- 
spired air flows from the lungs into tissues. An even greater 
decrease is observed in tumour tissue, in which a low level of 
oxygen (hypoxia) has been correlated to the expression of a 
transcription factor termed the hypoxia-inducible factor 


10.1,3 
Tumour Hypoxia 


Considerable attention has been paid to investigating 
the instability of the human genome in cancer, but 
mounting evidence points more and more to epigen- 
etic and environmental factors in tumour progression 
(Folkman et al. 2000). Cancerous tissues, in general, 
have been reported to possess extensive regions of 
hypoxia relative to the corresponding normal tissue 
(Vaupel 2004), This is due, in part, to the rapid pro- 
liferation of the tumour mass that distances the cells 
from the oxygen-carrying vasculature, but is also the 
consequence of the formation of a vasculature that is 
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distorted and irregular, and thus inefficient in oxygen 
transport. The degree of hypoxia is variable within 
tumours and between tumours, and is often associated 
with necrotic regions. Hypoxia can be measured in 
tissues samples either with chemical markers such as 
pimonidazole hydrochloride or EF5 or by using O, mi- 
cro-electrodes or optical PO,-measuring devices. More 
recently hypoxic tumours in patients were detected by 
positron emission tomography (PET) after injection of 
('SF]misonidazole (Rajendran et al. 2004). The hypoxic 
nature of tumours is disadvantageous for clinical out- 
come - it has been known for some time that they are 
resistant to radio- and chemotherapy. In 1991 it was 
reported by Semenza et al. (Semenza et al. 1991) that 
liver cells incubated under hypoxic conditions experi- 
enced a substantial induction in the expression of the 
Epo gene, as described above for mammals exposed 
to acute hypobaric hypoxia. A cellular, nuclear fac- 
tor appropriately termed the hypoxia-inducible factor 
(HIF) was subsequently identified to bind to the Epo 
gene and to induce its transcription, and thus its pro- 
tein product, in hypoxia. This transcription factor was 
shown in vitro, in a variety of cell culture systems, to be 
activated at a cut-off of around 5% oxygen (40 mmHg). 
However, most in vitro experiments reported in the 
literature are performed at between 1% and 2% oxy- 
gen (8-16 mmHg), which can be considered as highly 
hypoxic. Under these conditions HIF is detected in 
the nucleus of cells, where it influences the transcrip- 
tion of numerous genes involved in multiple functions 
(Fig. 10.3). 


; à 
General Introduction to the 
Hypoxia-inducible Factor 


Signalling through HIF is a multi-step process in- 
volving first oxygen depletion, HIF a subunit stabil- 
ity, translocation to the nucleus, heterodimerization, 
binding to DNA and finally induction of transcription 
of a vast array of genes. HIF is often referred to as 
the key or master regulator in the hypoxic response 
of cells but in fact it is the activity of two oxygen- 


sensing enzymes, the prolyl hydroxylase domain 
(PHD) proteins and factor inhibiting HIF-1 (FIH-1) 
that determines its existence and activity, and thus 
orchestrates the hypoxic response. These proteins are 
dioxygenases that, as this name implies, are depen- 
dent on the presence of oxygen for activity. 


10.2.1 
The PHD Proteins Drive HIF-a to Destruction 


The PHD proteins, of which there exists three human 
isoforms, are 2-oxoglutarate- and Fe’*-dependent 
dioxygenases belonging to the largest known fam- 
ily of non-haem-oxidizing enzymes (EC 1.14.11.2). A 
number of other terms have been used to designate 
these proteins, including HIF-la prolyl-4-hydroxy- 
lase (HPH) and EGL nine (EGLN). The equivalent 
abbreviations for the different homologues are as 
follows: PHD1/HPH-3/EGLN2; PHD2/HPH-2/EGLN1; 
PHD3/HPH-1/EGLN3. These enzymes, in the pres- 
ence of oxygen, hydroxylate two prolyl residues (P402 
and/or 564) of the human HIF-la subunit in a region 
referred to as the oxygen-dependent degradation do- 
main (ODDD) (Fig. 10.4). This posttranslational mod- 
ification results in the rapid attraction to HIF-a of the 
protein von Hippel-Lindau (VHL), a component of 
an E3 multiprotein ubiquitin ligase complex termed 
VBC (VHL/elongin B/elongin C). Subsequently HIF-a 
becomes earmarked with multi-ubiquitin chains that 
drive it to destruction by the proteasomal system. 
HIF-o is probably a champion when it comes to half- 
life, determined at around 5 minutes at 21% oxygen. 
In general, when cells in culture are incubated under 
hypoxic conditions (1.5% O,) for 2-4h the HIF-a 
protein is stabilized because the PHDs, in the absence 
of oxygen, are inhibited. Auto-regulation in hypoxia 
occurs through increased expression of the genes 
phd2 and phd3, but not phdl, since these genes are 
themselves HIF targets and thus their products are 
up-regulated in hypoxia. This response thereby guar- 
antees rapid and optimal degradation of HIF-a on re- 
turn of cells to normoxia. Recent reviews describing 
in further detail the properties and functions of the 
PHDs have been published by our group and by others 
(Berra et al. 2006; Schofield and Ratcliffe 2005). 


Fig. 10.3. Cellular localization of the 

c subunit of the hypoxia-inducible 
factor-1 (HIF-1c@) in hypoxia. Under 
normoxic conditions HIF-1g is hardly 
detectable by immunofluorescence 
(red staining, left panels), while under 
hypoxic conditions it is detected and 
localized to the nucleus (red staining, 
right upper panel), where it binds to its 
partner HIF-1f, Cell nuclei are stained 
with 4',6-diamine-2-phenyl indole 
(DAPI) (blue staining), Transfection of 
cells with siRNA to HIF-1lo@ attenuates 
the signal obtained for cells incubated 
in hypoxia (red staining, right lower 
panel), thereby validating the antibody 
detection of HIF-1¢. Transfection ot 
siRNA to SIMA, Drosophila HIF, was 
used as a control (upper panels) 
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10.2.2 
The Inhibition of FIH-1 Unlocks 
HIF Transcriptional Activity 


The HIF-« protein possesses a nuclear localisation 
signal sequence in its C-terminus, so once stable 
it is rapidly directed into the nucleus where it in- 
teracts with its partner HIF-{}; the latter subunit 
is not affected by the level of oxygen and is con- 
stitutively present (Fig. 10.4). Hand in hand, the a 
and B subunits bind to so-called hypoxia response 
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Hypoxia 


Normaxia 


elements (HRE), of the sequence 5'-RCGTG-3’, in 
target genes. Dimerization and DNA interaction 
occurs via basic helix-loop-helix (bHLH) and PER- 
ARNT-SIM (PAS) domains in the N-terminal part 
of the proteins, while the transcriptional activity is 
regulated at the C-terminal part via two transcrip- 
tionalactivation domains (TAD) termed N-TADand 
C-TAD. The C-TAD activity of HIF-la is regulated 
by another 2-oxoglutarate- and Fe**-dependent 
dioxvgenase termed factor inhibiting HIF-1 
(FIH-1) that hydroxylates an asparagine residue 
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Fig. 10.4. Regulation of the stability and activity of HIF by oxygen sensors. Under normoxic condition HIF-la is hydroxylated 
on two proline residues (402 and 564) in its oxygen-dependent degradation domain (ODDD) by prolyl hydroxylase domain (PHD) 
proteins. This hydroxylation is a signal for interaction with the von Hippel-Lindau (VHL) protein, a component of a E3 ubiquitin 
ligase, and addition to HIF-1o of multi-ubiquitin chains that address it for degradation by the proteasome. (Since the amino acids 
modified with ubiquitin (Ub) have not been identified, the indicated location is hypothetical, as is the length of the chain.) Under 
hypoxic conditions the PHDs, which require oxygen for activity, are inhibited and HIF-1a is no longer degraded. Another oxygen 
sensor, factor inhibiting HIF-1 (FIH-1), which hydroxylates HIF-lo in the presence of oxygen, on an asparagine (803) residue in 
its C-terminal transcription activation domain (C-TAD), is also inactive, thereby allowing interaction with co-activators such as 
CBP/p300. Proteins such as CITED2 can act as repressors by competing with co-activators. Together the HIF-1c and -1B subunits 
bind to hypoxia response elements (HRE) in a myriad of genes and induce or repress their transcription 


(N803). This hydroxylation of HIF-a has been ~= 

shown to inhibit its transcriptional activity by 10.2.3 

abrogating interaction with transcriptional co- Fine-tuning Through Protein Interaction and 
activators such as p300 and its paralogue CBP Posttranslational Modification Influences Sta- 
(CREB-binding protein), which are also histone bility and Activity 

acetyltransferases (Fig. 10.4), Thus, a double lock 

of posttranslational hydroxylation controls HIF The regulation of the alpha subunits of HIF, of which 
stability and activity. there are three isoforms, involves interaction with a 


number of proteins, some of which lead to its post- 
translational modification. The protein OS-9 been 
shown to interact with HIF-la and to increase its 
instability by promoting interaction with PHD2 
and PHD3, resulting in prolyl hydroxylation and 
thus VHL-dependent polyubiquitination and pro- 
teasomal degradation (Baek et al. 2005). Therefore, 
by favouring instability OS-9 reduces HIF tran- 
scriptional activity; however, this would require 
the presence of oxygen and thus would concern ei- 
ther residual levels of HIF-la or HIF-1 a stabilized 
through non-hypoxic mechanisms such as in the 
presence of certain growth factors. Acetylation of 
HIF-la by an acetyltransferase ARD1 has been re- 
ported to diminish stability (Jeong et al. 2002), but 
more recently this has been questioned (Arnesen et 
al. 2005b; Bilton et al. 2005; Fisher et al. 2005). The 
expression of ARDI was found to be neither hypoxia 
nor HIF-1- or HIF-2-dependent and had no effect on 
the stability of HIF-1a or -2 a (Bilton et al. 2005). 
While acetylation of HIF-la by ARD1 has not been 
convincingly confirmed, the interaction of ARD1 
with HIF-1 a has (Arnesen et al. 2005b). Thus the 
role of ARD! in HIF function remains to be clarified 
and any link to tumorigenesis through increased ex- 
pression of its partner N-acetyl transferase human 
(NATH; also called Tubedown or Gal9) needs to be 
further investigated (Arnesen et al. 2005a; Brahimi- 
Horn et al. 2005). The a subunit of HIF undergoes 
other forms of posttranslational modification that 
result in further fine-tuning of the activity of HIF; 
these include phosphorylation, SUMOylation and 
S-nitrosylation (for review see Brahimi-Horn et al. 
2005; Sects. 3.4, 3.6). 


The Nitty-Gritty of the Transcriptional 
Activity of the Hypoxia-inducible Factor 


More than 60 target genes induced by HIF have al- 
ready been identified (Semenza 2003) and probably 
as many are repressed; however, the latter are less 
well studied (Manalo et al. 2005; Wang et al. 2005). 
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A myriad of genes of varied function are HIF-depen- 
dent. The majority of the gene products involved in 
glycolysis are up-regulated in hypoxia through HIF 
induction, as are some genes for nucleotide, amino 
acid and iron metabolism. Other genes include 
those involved in such functions as cell survival, 
apoptosis, cell motility, cytoskeletal structure, cell 
adhesion, erythropoiesis, vascular tone, transcrip- 
tional regulation, epithelial homeostasis and drug 
resistance. 


10.3.1 
Differential Gene Expression Through 
Two Transcriptional Activation Domains 


For gene regulation heterologous partners of the large 
family of bHLH-PAS proteins of the a and B classes are 
usually required. Three isoforms of the a subunit of 
HIF (1, 2 and 3) and three of the B subunit (1, 2 and 3; 
also termed ARNT) together with a number of splice 
variants have been identified (For a diagrammatical 
representation of the different isoforms and of other 
bHLH-PAS proteins, see Brahimi-Horn and Pouysse- 
gur 2005.) The relative role of these isoforms, which 
show the same mechanisms of regulation, is still to 
be determined. Each possesses at least one TAD in 
its C-terminal part; however, HIF-1 a and -2 æ have 
two such domains (N-TAD and C-TAD); HIF-3 a has 
a single N-TAD. Few transcription factors possess 
two TAD, and as yet their respective roles remain to 
be defined. Only 20% similarity exists between the 
human HIF-1 a N-TAD and C-TAD amino acid se- 
quences. However, comparison of the sequence of 
the human HIF-ia and 2 a C-TAD shows more than 
70% conservation. The human N-TAD protein se- 
quences of HIF-2 a and -3a share, respectively, 65% 
and 60% identity with human HIF-1 a. Interspe- 
cies comparison between Homo sapiens, Bos taurus, 
Mus musculus, Rattus norvegicus and Gallus gallus 
shows that the N-TAD is highly conserved, with more 
than 90% similarity, while the C-TAD is even more 
conserved, with almost 100% identity. 

RNA interference has proved to be a useful 
approach not only to determine the role of ex- 
pressed proteins but also in validating tools such as 
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antibodies. In this way our laboratory previously vali- 
dated antibodies to HIF-lm, PHD2 (Berra et al. 2003) 
and the acetyltransferase ARD1 (Bilton et al. 2005). 
Using specific siRNA targeting of PHD2 our labora- 
tory was able to demonstrate that PHD2 is the key 
isoform controlling the stability of HIF-1 a (Berra et 
al. 2003). Using an RNA interference approach we are 
now studying the bifunctional role of the two TADs of 
HIF-la. Studies on the Km of the two oxygen sensors, 
PHD and FIH-1, indicate that the PHDs require higher 
oxygen levels than FIH-1 for activity (Koivunen et al. 
2003). Based on this study we postulate that in areas 
near blood vessels, where cells are maximally oxygen- 
ated, both PHD and FIH-1 will be active (Fig. 10.5). 
Under these conditions only minimal, basal normoxic 
levels of HIF-1 æ will exist but will be inactive, As the 
cells are distanced from the blood vessels a progres- 
sive drop in oxygen pressure will occur with stabiliza- 
tion of HIF-1& but maintenance of the lock on C-TAD 
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activity. However, if certain genes are driven solely by 
the N-TAD, i.e. they do not require the C-TAD, these 
genes will become activated at the intermediate oxy- 
gen level. As the oxygen pressure drops even further, 
the genes requiring the C-TAD with or without N-TAD 
activity will be induced. Our preliminary results dem- 
onstrate that this is the case, and the study of 26 differ- 
ent genes by real-time quantitative PCR, in a cell sys- 
tem where FIH-1 is either overexpressed or silenced, 
has allowed us to identify two groups of genes that are 
respectively inhibited or not by FIH-1 expression, thus 
C-TAD activity-independent and -dependent (Mazure 
et al. 2005). However, within the inhibited group we 
also identified a sub-class of genes that were repressed 
when FIH-1 was silenced and either repressed or en- 
hanced when FIH-1 was overexpressed. Taken to- 
gether, these results suggest that HIF-la possesses a 
bifunctional transcriptional activity that regulates 
gene expression differentially. 
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Fig. 10.5. Bifunctional role of two TAD of HIF. HIF-lœ and -2@ contain two TAD in the C-terminal part of the protein, 
termed N-TAD and C-TAD. The respective role of these two TAD has not yet been investigated and is a subject we are ex- 
ploring. The two oxygen sensors, the PHD and FIH-1, control, respectively, HIF-1œ stability and activity. FIH-1 targets an 
asparagine residue in the C-TAD and thereby blocks interaction with co-activators. A decreasing PO, gradient from the blood 
vessel to the tumour core will determine the activity of the PHDs and FIH-1. The K,, values of the PHDs and FIH-1 predict 
that the former is more sensitive to oxygen levels and thus is more rapidly inhibited then FIH-1. Thus at moderate oxygen 
concentrations HIF-1c will be stable but genes dependent on the C-TAD activity will not be induced due to maintenance of 
FIH-1 activity; however, genes requiring only N-TAD activity will be induced. As the PO, decreases further, the inhibition 
of C-TAD will be released and HIF-lo will attain full transcriptional activity. Using RNA interference and overexpression 
of FIH-1 we have demonstrated that certain genes are indeed regulated differentially by the two TAD 


10.3.2 
Differential Gene Expression by HIF-1 and HIF-2 


Differential gene expression may also arise from the 
specificity of HIF-10 and -20 for different genes, i.e. 
there is evidence to suggest that these isoforms have 
preferential or exclusive activity toward a given gene 
(Aprelikova et al. 2004; Hu et al. 2003; Sowter et al. 
2003; Wang et al. 2005). These two isoforms show 
substantial structural resemblance with about 48% 
overall amino acid sequence similarity and with 
even greater similarity in the bHLH-PAS domain 
(bHLH, 85%; PAS-A, 68%; PAS-B, 73%) (Brahimi- 
Horn and Pouyssegur 2005). However, they do pos- 
sess differences in the sequences of their TAD, as 
seen above. In addition, their instability and stabil- 
ity, respectively, are regulated by PHDs/VHL and hy- 
poxia and they both heterodimerize with HIF-1 to 
bind HRE sequences. HIF-2 was initially described 
in endothelial cells but later shown to be expressed 
in a broad range of cells of different origin. How- 
ever, these isoforms do show cell-type specificity, as 
seen for certain VHL-deficient renal cell carcinoma 
(RCC) cell lines that express either both isoforms 
or, in the case of 786-0 cells, only HIF-20 (Maxwell 
et al. 1999), The latter cells have been studied with 
the aim of deciphering the respective roles of these 
isoforms in gene induction and in their association 
to tumorigenesis. Of particular interest, it was de- 
termined that certain glycolytic enzymes (PGK-1 
and LDHA) were induced preferentially by HIF-1a 
(Hu et al. 2003). Although probably too simplistic, 
it appears that HIF-1o is preferentially implicated in 
breast cancer cells while HIF-2a may play a more ac- 
tive role in RCC (Kondo et al. 2002; Maranchie et al. 
2002). The role of the third HIF-& isoform, and its six 
splice variants, has so far been little studied. It has 
a more divergent structure, though its bDHLH-PAS 
domain shows considerable amino acid sequence 
similarity and it heterodimerizes with HIF-18 
to bind core HRE sequences. However, it lacks a 
C-TAD. It may turn out that this isoform functions 
in competition for binding to HIF-1B, leading to re- 
pression of the hypoxic response for induction of 
certain genes. 
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Additional differential regulation may result from 
specific interaction with co-activators or co-repres- 
sors. Indeed, while the co-activators CBP/p300 have 
been shown to activate both isoforms, NEMO, the 
NF-KB essential modulator, has been shown to be a 
co-activator specific for HIF-20 (Bracken et al. 2005). 
Even in the context of expression of both isoforms it 
is conceivable that one or the other is repressed un- 
der certain conditions in certain cell types. 


10.3.3 
Repression of Activity Through Protein-Protein 
Interactions 


Although FIH-1 is the major protein involved in re- 
pression of HIF, several other proteins have also 
been reported to repress the transcriptional activity, 
including CBP/p300 interacting transactivator with 
ED-rich tail 2 (CITED2) (Freedman et al. 2003) and 
PHD2 (To and Huang 2005). Repression by CITED2, 
as the name suggests, occurs through competition of 
HIF-la for CBP/p300 and thereby results in a block 
in HIF-dependent transcription. However, CITED2 
binds p300 with a 33-fold higher affinity than HIF- 
la, but its expression is increased in hypoxia via a 
HRE in its promoter, providing yet another feedback 
loop in regulation. Yet the levels of CITED2 com- 
pared to CBP/p300 are low, so a balance towards 
activation may dominate. An interplay between 
CITED2 and FIH-1 was suggested where CITED2 
may facilitate FIH-1 hydroxylation (Freedman et 
al. 2003). Another member of the CITED family, 
CITED4, also acts as a repressor of activity and its 
expression is inversely correlated to that of HIF-1a 
in breast cancer (Fox et al. 2004). Surprisingly, re- 
pression of the N-TAD activity of HIF-1 in hypoxia 
was also reported to occur through binding of PHD2 
and was found to be independent of interaction with 
VHL (To and Huang 2005). The mechanism involved 
probably does not involve the hydroxylase activity 
of PHD2, since this is absent in hypoxia. PDH2 may 
have other functions and has been shown to also 
repress HIF activity in hypoxia by recruitment of a 
candidate tumour suppressor, inhibitor of growth 
family member 4 (ING4) (Ozer et al. 2005). The ING 


179 


180 


M. C. Brahimi-Horn et. al. 


family of proteins regulate gene expression at the 
level of chromatin by interacting with complexes 
that modulate histone acetylation. Histone acetyla- 
tion by histone acetyltransferases (HATs) and his- 
tone deacetylation by histone deacetylases (HDACs) 
determine the level of acetylation of lysine residues 
of histones. This acetylation leads to modification 
in the charge of lysine residues, which become more 
acidic and thereby bind DNA less strongly, mak- 
ing the DNA more accessible to the transcription 
machinery. Thus, acetylation is associated with ac- 
tivation of transcription, while deacetylation is in 
general correlated with repression of transcription. 
The protein VHL has been implicated in transcrip- 
tional repression and this has been hypothesised to 
occur by recruitment of HDACs (Mahon et al. 2001). 
However, HDAC7 has been reported to interact with 
the inhibitory domain of HIF-1a and to activate 
rather that repress transcription (Kato et al. 2004). 
Interaction of HIF-1a with proteins that enhance 
its binding to VHL is another way of repressing 
HIF-1o@ activity. A protein termed VHL-associated 
KRAB-A domain-containing protein (VHLaK) has 
been shown to repress HIF-lo activity independent 
of VHL ubiquitin-dependent degradation (Brahimi- 
Horn and Pouyssegur 2005). 


10.3.4 
Repression Through Posttranslational 
Modification 


Repression of the activity of a transcription fac- 
tor can occur not only through protein-protein 
interactions but also through direct posttransla- 
tional modification of the factor itself, which may 
in turn solicit additional protein interactions. The 
posttranslational modification of a large number of 
proteins involved in transcription by the covalent 
attachment of the small ubiquitin-related modifier 
(SUMO) is emerging as an important mechanism 
in the control of transcription (Gill 2005). In ad- 
dition to a variety of effects on protein function, 
more often than not SUMOylation of transcription 
factors correlates with repression of transcription. 
SUMO, as the name suggests, is a small polypeptide 


that in many ways resembles ubiquitin. However, 
unlike certain forms of ubiquitination that drive 
proteins to proteolytic degradation by the protea- 
some, SUMOylation does not induce proteasomal 
targeting and can even protect against degradation. 
In the case of HIF, SUMO modification of both the 
HIF-1ĝß and -1&œ subunits has been suggested to re- 
press its transcriptional activity without altering 
the stability of the latter subunit (Berta et al. 2004; 
Tojo et al. 2002). Repression of transcription of the 
key co-activators of HIF, CBP/p300, also implicates 
SUMOylation. This may be due to the recruitment 
of co-repressors, including certain HDACs that are 
themselves SUMO-modified proteins. It may also 
be the consequence of crosstalk between acetyla- 
tion and SUMOylation, modifications that both oc- 
cur on lysine residues, where HDACs may regulate 
SUMOylation. Thus, interaction with repressive 
molecules and posttranslational modification may 
represent fine-tuning feedback mechanisms that 
protect from an excessive hypoxic response. 


10.3.5 
Activation Through Protein-Protein 
Interactions 


Rather than repressing HIF activity, interaction 
with a number of molecules has been shown to en- 
hance its activity. As mentioned above, the interac- 
tion with co-activators such as CBP/p300, but also 
the protein steroid hormone receptor co-activator- 
1 (SRC-1), has a major impact on transcriptional 
activity. These proteins possess HAT activity, 
which as also mentioned above is associated with 
transcriptional activation. Their activity can also 
be potentiated by proteins such as the redox regu- 
latory proteins redox-factor 1 (Ref-1) and thiore- 
doxin-1. However, the acetyltransferase activity of 
CBP/p300 does not concern only histones, and it 
is now apparent that many non-histone proteins, 
in particular transcription factors such as p53, are 
substrates. As yet no evidence has been put for- 
ward to suggest that HIF-1o is acetylated by CBP/ 
p300, and there exists considerable doubt concern- 
ing acetylation by ARD1 (Arnesen et al. 2005b; 


Bilton et al. 2005; Fisher et al. 2005). The large 
protein p300 contains domains involved in tran- 
scriptional activation as well as acetyltransferase 
activity (Brahimi-Horn and Pouyssegur 2005). The 
first cysteine/histidine-rich (CH1) domain in the 
N-terminal] part binds HIF-1o but also many other 
proteins such as p53 and CITED2. Taken that HIF 
activity is highly dependent on this interaction for 
activity, its rupture has been shown in principle to 
be an effective way of inhibiting HIF. Disruption 
of the interaction was achieved with polypeptides 
of either the C-TAD of HIF-lo or the CH1 mini- 
mal binding domain of p300, or with the small 
molecule inhibitor chetomin. Not only were these 
agents able to diminish HIF transcriptional activ- 
ity, they also diminished tumour growth in xeno- 
graft mouse models (Kung et al. 2004). However, 
another study showed that deletion of the CH1 
domain did not attenuate tumorigenesis signifi- 
cantly (Kasper et al. 2005). These studies indicated 
that inhibition of HIF may be of potential clinical 
benefit, and substantial investigation into small 
molecular inhibitors for therapeutic purposes is 
currently under way. Considerable interest is also 
being shown in the therapeutic use of HDAC in- 
hibitors in cancer due to their anti-proliferative 
and apoptotic effects. A number of clinical trials 
have shown some benefit in the treatment of both 
haematological and solid tumours. Yet one would 
expect that from the point of view of HIF activa- 
tion by the CBP/p300 HAT activity, such inhibitors 
would enhance its activity and thus tumorigen- 
esis. However, the inhibitor trichostatin A (TSA) 
has been reported to be anti-angiogenic possibly 
through reactivation of p53 and VHL and parallel 
suppression of HIF-1 and VEGF (Brahimi-Horn 
and Pouyssegur 2005). More recently it was re- 
vealed that certain HIF-1 target genes are either 
CH1-dependent or -independent and that the de- 
pendent genes were sensitive to inhibition with 
TSA (Kasper et al. 2005). Surprisingly fewer genes 
were CHl-dependent than -independent. These 
observations reinforce the notion of differential 
activation of sets of genes, possibly by soliciting 
either N-TAD or C-TAD or both for transcriptional 
activation of HIF target genes. 
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10.3.6 
Activation Through Posttranslational 
Modification 


Posttranslational modification of a transcription 
factor and in particular phosphorylation is a well- 
known mechanism for controlling activity, and HIF- 
la is no exception. When stabilized under hypoxic 
conditions HIF-la is phosphorylated subsequent to 
activation of the Ras/ERK pathway by growth factors 
or oncogenes and possibly through the implication 
of p38 kinase and casein kinase IJ-like kinase (Bra- 
himi-Horn et al. 2005). The level of phosphoryla- 
tion is probably considerable, if the easily perceived 
shift in the mobility in the protein on SDS-PAGE 
is any indication. Although eight serine residues 
that could be consensus target sites for ERK exist 
in the C-TAD region of HIF-1a, the individual resi- 
dues phosphorylated by these kinases have not yet 
been identified. Phosphorylation does not modify 
the stability or DNA-binding capacity of HIF-1a, 
but does increase the transcriptional activity, possi- 
bly by favouring heterodimerization with HIF-1B or 
interaction with co-activators. However, increased 
transcriptional activity has also been linked to the 
phosphorylation of the co-activator p300 by ERK. 
In addition, S-nitrosylation of cysteine 800 in the 
C-TAD of HIF-1a enhances HIF-1¢œ activity by again 
increasing interaction with p300. 


The Hypoxia-inducible Factor and Tumour 
Angiogenesis 


The cellular expansion of tumours progressively 
distances cells from the vasculature and thus from 
a supply of oxygen and nutrients. In an attempt to 
correct this deficiency, tumour cells respond by 
sending out signals that initiate the formation of 
new blood vessels, which then penetrate the tumour 
mass and thus allow cells to continue to be supplied 
with oxygen and nutrients and maintain their prolif- 
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eration. This adaptive process, termed angiogenesis, 
is a characteristic of solid tumours and constitutes a 
potential therapeutic target (Carmeliet 2003; Ferrara 
and Kerbel 2005). However, the new vessels show 
structural malformations as well as fluctuations in 
their blood flow, and local regions of hypoxia may 
nonetheless prevail. Evidence that HIF plays a fun- 
damental role in angiogenesis comes in part from 
the study of embryos of mice that are knockout for 
HIF-1a, HIF-18 or VEGF, all of which are lethal to 
the embryo and show defects in blood vessel devel- 
opment (Brahimi-Horn and Pouyssegur 2005; Pugh 
and Ratcliffe 2003). However, hypoxia and thus HIF 
influences not only the behaviour of endothelial and 
tumour cells but also the surrounding normal stro- 
mal cells and macrophages. 


10.4.1 
The Key Angiogenic Factor Vascular Endothelial 
Growth Factor Is HIF-mediated 


Some of the major proteins involved in initiating 
angiogenesis are HIF-1 and -2-dependent, includ- 
ing vascular endothelial growth factor (VEGF), the 
role of which has been extensively studied (Ferrara 
et al. 2003). VEGF in cooperation with angiopoietin- 
2 (Ang-2) attracts and guides sprouting neo-vessels 
into oxygen-depleted regions of the tumour mass 
(Carmeliet 2003). While binding of HIF to the vegf 
promoter is a key determinant in its expression, other 
levels of control, including mRNA stability through 
the stress-activated kinase p38 and translation via 
internal ribosome entry site (IRES) sequences, also 
regulate expression (Pages and Pouyssegur 2005). 
Since under hypoxic and nutrient-depleted condi- 
tions classic cap-dependent translation is inhibited, 
only mRNA containing IRES will be translated. Thus 
translation of VEGF is assured under such conditions, 
as is HIF-14 which also contains IRES. We have shown 
in our laboratory that VEGF is up-regulated by the 
Ras>MEK>ERK pathway through the phosphoryla- 
tion of the transcription factor Spl and its recruitment 
to the proximal region of the vegf promoter. Up-regu- 
lation also occurs through this pathway by HIF-la 
phosphorylation (Pages and Pouyssegur 2005), and 


phosphorylation may improve accessibility of vegf to 
RNA polymerase II. In addition, binding of Spl to 
VHL has been shown to repress vegf promoter activity 
(Pages and Pouyssegur 2005). Since VEGF is up-regu- 
lated by HIF, a number of studies have investigated 
a possible correlation between HIF expression and 
the intratumoral microvascular density, a measure of 
tumour angiogenesis (Brahimi-Horn and Pouyssegur 
2005). The majority of these studies show a link be- 
tween the two, but the most striking and convincing 
association comes from studies into RCC, in which 
there is loss of function of VHL (Kaelin 2002). Vhl is 
a tumour-suppressor gene and its product is a compo- 
nent of an E3 ubiquitin ligase complex. As mentioned 
above, it earmarks HIF-o with ubiquitin chains that 
target it for degradation by the proteasome. In RCC 
and in VHL disease, a familial cancer syndrome, 
this function is lost, and as a consequence HIF-o is 
stable and active, and tumours are highly vascular- 
ized. VHL disease is characterized by the formation 
of blood vessel tumours (haemangioblastomas) of the 
central nervous system and retina often associated 
with other tumours such as RCC. These observations 
also support the notion that the HIF pathway plays 
an important role in tumorigenesis. The finding that 
the expression of HIF-1o is increased in a broad range 
of cancers (Brahimi-Horn and Pouyssegur 2005) and 
has been correlated to tumour grade also supports 
this hypothesis. 

The micro-environment with respect to the degree 
of vascularization influences tumour progression 
and is HIF and VEGF dependent. This is nicely illus- 
trated in a study in which HIF-lo-deficient astrocytes 
were injected into either a vessel-poor or a vessel-rich 
environment, respectively either subcutaneously or 
into the brain parenchyma (Blouw et al. 2003). In the 
former environment necrosis and reduced tumour 
growth was observed, while in the latter the tumours 
grew rapidly, penetrating the brain. Minimal vascu- 
larization of the tumour itself in the subcutaneous 
site was noted compared to the other site. In contrast, 
the growth of astrocytes deficient in VEGF injected 
at either site was reduced due to an inability to main- 
tain co-opted vessels. Thus the differences may result 
from induction of VEGF in the HIF-1a-deficient cells 
by non-HIF-dependent mechanisms. 


10.4.2 
Inhibition of Angiogenesis in Relative Hypoxia 


However, so-called hypoxic conditions do not neces- 
sarily lead to angiogenesis. It was noted previously 
that the retina is relatively hypoxic and yet in the 
normal situation angiogenesis is not induced, and 
when it is induced it leads to a pathophysiological 
situation. Retinal capillary quiescence is a reflection 
of a fine balance in pro-angiogenic and anti-angio- 
genic factors, in particular due to the expression 
of a HIF-o truncated variant exerting a dominant 
negative action in this hypoxic micro-environment 
(Makino et al. 2001). Ocular neovascularization, 
on the other hand, is a major feature of diabetic 
retinopathy and age-related macular degeneration. 
Retinopathy can be induced in newborn mice by 
alternating exposure to hyperoxia (45% oxygen) and 
normoxia (12.5% oxygen). The return to normoxia 
is in fact relative hypoxia and results in the expres- 
sion of angiogenic factors and neovascularization. 
Knockout of HIF-10 and -2@ in mice is lethal for 
the embryo, ruling out the investigation of the role 
of these proteins in mouse physiology. However, 
the study of HIF-2a knockdown in mice exposed 
to hyperoxia-normoxia in the investigation of reti- 
nopathy of prematurity leads to the conclusion that 
HIF-2o plays a key role in this pathology and that 
the angiogenic factor Epo, rather than other more 
frequently induced angiogenic factors, is associated 
with retinopathy (Morita et al. 2003). 


Tumour Metabolism 


It has been known for some time that tumours in 
general have a high rate of glucose uptake accom- 
panied by elevated glucose consumption, i.e. gly- 
colysis (for review see Gatenby and Gillies 2004). In 
fact, this characteristic of tumours has been put into 
clinical application through the detection by PET 
of [8F]2-deoxy-2-fluoro-D-glucose (FDG), which 
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accumulates in solid tumours. It is now generally 
accepted that the rate of glucose uptake measured 
by PET-FDG is an important predictor in determin- 
ing the aggressivity of a broad range of types of 
tumours. However, detection of hypoxic regions in 
human tumours by PET after injection of the radio- 
actively labelled hypoxia marker [18F]misonidazole 
and comparison to PET-FDG showed that some hy- 
poxic tumours had a modest glucose uptake while 
other non-hypoxic tumours showed a high uptake 
(Rajendran et al. 2004). These results point to an 
overall heterogeneity of oxygenation of different 
tumours that, although not related to tumour size, 
probably reflects differences in vascularization. 


10.5.1 
Aerobic Versus Anaerobic Glucose Metabolism 


In the 1920s Otto Warburg discovered that tumours, 
unlike normal cells, converted glucose to pyruvate 
and then to lactate, even in the presence of plen- 
tiful amounts of oxygen (the “Warburg effect”) 
(Fig. 10.6A). This is the same metabolic pathway 
used by muscle tissue when oxygen is low. In nor- 
mal cells, glucose is similarly converted to pyru- 
vate (glycolysis), which is then transported to the 
mitochondria where it enters the tricarboxylic acid 
(TCA) cycle (synonyms: citric acid cycle, Krebs cy- 
cle). During subsequent oxidative phosphorylation, 
the NADH and FADH, that are produced transfer 
electrons to molecular oxygen (Fig. 10.6B). This oxy- 
gen-requiring catalytic process is highly efficient in 
providing energy, with the overall production of 38 
ATP molecules per molecule of glucose, while direct 
conversion to the waste product lactate produces 
only two ATP molecules. It was initially thought that 
the choice by tumour cells to opt for or “switch” to 
so-called “aerobic glycolysis”, an inappropriate and 
confusing term for a process that could be more ap- 
propriately termed “anaerobic glucose metabolism”, 
was due to defective mitochondrial respiration, but 
little evidence was found, until recently, to support 
this. One explanation lies in chronic or transitory 
exposure of cells to hypoxic conditions. Stable and 
active HIF in these cells would induce up-regulation 
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Fig. 10.6a,b. Tumour cells switch from aerobic to anaerobic glucose metabolism. Tumour cells posses a high level of uptake 
and consumption of glucose with the production of high amounts of lactate. a Aerobic glucose metabolism generates 38 
molecules of ATP, while anaerobic glucose metabolism gives only two. The “Pasteur effect” relates to the observation that 
oxygen results in inhibition of aerobic glucose metabolism. The “Warburg effect” relates to tumour cells that preferentially 
adopt anaerobic glucose metabolism even when in the presence of oxygen, also termed “aerobic glycolysis”. b Glucose 
oxidation may occur via glycolysis but also through the pentose phosphate pathway (PPP). In normal cells the pyruvate 
generated by glycolysis is metabolized through the tricarboxylic acid (TCA) cycle and oxidative phosphorylation, which is 
efficient in energy production. One of the metabolites of the TCA cycle is 2-oxoglutarate (2-OG) (a-ketoglutarate), which 
is required for PHD and FIH-1 activity. Catabolism of amino acids is also a source of 2-OG. The free energy required to 
generate ATP is obtained from the oxidation of NADH and FADH, by the mitochondrial electron transport chain (ETC), a 
series of five multi-enzyme complexes (I-V) via which electrons transfer from lower to higher reduction standard potentials. 
Other abbreviations: G-6-P, glucose-6-phosphate; F-6-P, fructose-6-phosphate, R-5-P, ribose-S-phosphate; GAP, glyceralde- 
hyde-3-phosphate; ATP, adenosine triphosphate; NADH, nicotinamide adenine dinucleotide; NADPH, nicotinamide adenine 
dinucleotide phosphate; SDH, succinate dehydrogenase; FH, fumarate hydratase 


of not only glucose transporters but also the en- 
zymes involved in glycolysis. In addition, pyruvate, 
in inhibiting HIF-la degradation, would enhance 
further the rate of glycolysis. Active HIF would also 
drive the reversible conversion of pyruvate to lactate 
by lactate dehydrogenase A (LDH-A), another HIF 
target that is up-regulated in transformed cells. In 
this way, highly proliferating cells with a high energy 
demand rapidly dispose of a supply of ATP. However, 
this picture is probably too simplistic, and the ori- 
gins of transformation of cells into cancer-initiating 
cells, be they differentiated or stem cells in origin, 
requires clarification. Numerous factors in the host 
cell environment may trigger early stages in tumour 
formation. Modifications in both the c-myc onco- 
gene and Akt kinase pathways have been reported to 
activate anaerobic glucose metabolism (Gatenby and 
Gillies 2004). c-myc was found to induce up-regula- 
tion of the glucose transporter GLUT1 and several 
glycolytic enzymes as well as lactate dehydrogenase 
A and thus lactate overproduction. The Akt onco- 
gene also induces anaerobic glucose metabolism, 
and Akt-expressing cells were dependent on glu- 
cose for survival. Though conflicting evidence has 
been reported, HIF-1 is also activated by the PI3 K/ 
Akt mTOR pathway. Nonetheless, oncogenes are 
more usually considered to be involved in cancer 
cell proliferation and survival, so their involvement 
in metabolism came as a surprise. 


10.5.2 
Modulation of HIF Signalling Through Metabo- 
lism 


The concentration of glucose and of glycolytic 
and/or TCA cycle components in the micro-en- 
vironment may influence the activity of the HIF 
pathway. Glucose has been shown to be required 
for hypoxic accumulation of HIF-la in FaDu and 
HT1080 tumour cell lines, and this observation has 
been put forward as an explanation for the detec- 
tion of only low levels of HIF-10 in FaDu xenograft 
tumours (Vordermark et al. 2005). 2-Oxoglutarate 
(2-OG) (a-ketoglutarate), a product of the TCA cy- 
cle and amino acid catabolism, is required for the 
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activity of the oxygen sensors PHDs and FIH-1; thus, 
a decrease in its concentration could be expected to 
favour HIF-« stability and HIF activation. However, 
the explanation for the effect of pyruvate, mentioned 
above, does not seem to be due to competition for 
2-OG. Otto Warburg's initial suggestion that mi- 
tochondrial function was deficient in tumour cells 
turns out to be, to a certain degree, correct. Muta- 
tions in the mitochondrial enzymes succinate de- 
hydrogenase (SDH) and fumarate hydratase (FH; 
also termed fumarase), enzymes of the TCA cycle, 
promote tumorigenesis (for review see Gottlieb and 
Tomlinson 2005). SDH and FH are in fact tumour 
suppressors, and SDH provides a direct link with 
the respiration chain. The postulated mechanism 
leading to tumorigenesis includes the accumulation 
of succinate or fumarate, and thus inhibition of SDH 
or FH respectively, which represses the activity of 
the PHDs. This leads to stabilization of HIF-la and 
induction of downstream genes such as vegf, with 
the consequence of formation of highly vascularized 
tumours (Gottlieb and Tomlinson 2005). In addi- 
tion, the competitive inhibition of PHD by succi- 
nate was found to be reversed by an excess of 2-OG. 
However, succinate is also a product of oxidative 
decarboxylation of 2-OG by PHD. Increased produc- 
tion of reactive oxygen species (ROS) has also been 
implicated and may be linked to HIF activation by 
oxidation of Fe** and ascorbic acid, two co-factors 
required for PHD activity (Gerald et al. 2004). 


10.5.3 
Tumour Cells Use the Pentose PhosphatePath- 
way 


An alternative catalytic process diverging from the 
glycolytic pathway is the pentose phosphate path- 
way (PPP) or hexose monophosphate shunt that is 
in part responsible for nucleic acid synthesis (for a 
detailed schematic presentation of PPP and its in- 
terconnection with glycolysis see Coy et al. 2005). 
Transketolase activity controls the non-oxidative 
part of this pathway, and it has been proposed 
that the inhibition of its activity suppresses tu- 
mour growth and metastasis (Coy et al. 2005). 
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In addition, it has been shown that a mutated 
transketolase-like | (tktl1) gene is up-regulated in 
cancer, and thus this pathway may also be involved 
in lactate production and metabolic adaptation of 
cancer cells (Coy et al. 2005). Glycolysis and the 
PPP also produce respectively, NADH and NADPH, 
which in oxidative stress act as cofactors for anti- 
oxidant enzymes and in preserving high amounts 
of the cell’s major antioxidant, reduced glutathi- 
one. Thus activation of these pathways through 
HIF may have implications for a vast number of 
diseases in addition to cancer, such as diabetic 
retinopathy, atherosclerosis and neurodegenera- 
tive diseases, where oxidative stress is suspected to 
play a significant role. Indeed HIF-dependent acti- 
vation of glycolysis and the PPP has been reported 
to mediate a neuroprotective response of cells to 
toxic amyloid beta peptide, a peptide suspected to 
be a causative agent in Alzheimer’s disease (Soucek 
et al. 2003). 


The Acidic Micro-environment of Tumours 


A correlation between PO, and pH, both of which 
decrease with increasing distance from blood ves- 
sels, has been reported in breast cancer (Gatenby 
and Gillies 2004). The high levels of lactate and 
CO, produced by tumour cells are the major con- 
tributors to acidosis. A number of transporters, 
exchangers and pumps, together with the enzyme 
carbonic anhydrase, contribute to maintaining the 
intracellular pH that allows cancer cells to survive 
acidosis. 


10.6.1 
Intracellular pH Regulation by Transporters 
and Exchangers 


The lactate produced by anaerobic glucose me- 
tabolism in tumour cells is excreted from the cells 
via a H*/lactate cotransporter (monocarboxylate 


transporter, MCT), with the consequence of a de- 
crease in the extracellular pH (pH,) of tumours: 
pH 6.2-6.8 for tumour cells compared to 7.2-7.4 
for normal cells (Fig. 10.7) (Cardone et al. 2005). 
The pH, may also remain acidic due to inefficient 
removal of this waste product by a defective mi- 
cro-vasculature in tumours. In addition, active 
MCT even results in alkalinization of the intra- 
cellular pH (pH,) of tumour cells beyond that of 
normal cells: pH 7.2-7.7 versus 6.9-7.1, respectively 
(Cardone et al. 2005). The amiloride-sensitive 
Na*/H* exchanger (NHE-1), a major player in pH, 
homeostasis (Counillon and Pouyssegur 2000) 
has even been implicated in promoting metas- 
tasis through extracellular matrix remodelling 
(Cardone et al. 2005). With the aim of investigating 
the role that the acidic extracellular environment 
plays in tumorigenesis, several years ago our labo- 
ratory established mutant cell lines, obtained from 
parental Chinese hamster lung fibroblast (CCL39) 
transformed with the H-ras oncogene, that were 
defective in pHi regulation through NHE-1 and/ 
or aerobic glucose metabolism (Pouyssegur et al. 
2001). Ras-transformed cells mutated for nhel 
(nhel-) formed tumours when injected into nude 
mice, but 80% of these tumours finally regressed 
and disappeared, demonstrating that NHE-1 is in- 
deed an important factor controlling tumour cell 
survival. We hypothesised that this regression 
occurred because tumour cells, producing large 
amounts of lactic acid, need all of the pH,-regulat- 
ing system for progression. To validate this point, 
we engineered a double mutant that lacked both 
NHE! (nhel) and the glycolytic enzyme phospho- 
glucose isomerase (pgi-) and produced 14 times 
less lactic acid than the parental cells. The single 
mutant cells (pgi-), which rely on respiration via 
glucose-6-phosphate being diverted into the PPP 
for energy supply, formed tumours like wild-type 
Ras-transformed fibroblasts. Interestingly, the 
double mutant (nhel-, pgi") was no longer impaired 
in tumour formation. This finding established that 
NHE-1 is a key player in tumour progression in the 
context of an acidic micro-environment. Another 
cell line, mutant for oxidative phosphorylation 
(respiration mutant, res~) that produced 3-4 times 
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Fig. 10.7. The pH of tumours is highly acidic due to over-production of lactate and CO,. To survive, cells must maintain a 
balance between the extracellular pH (pH,) and intracellular pH (pH;) and do so through the activity of a number of pumps, 
exchangers and transporters. Lactate is excreted from cells by the H~/lactate cotransporter (monocarboxylate transporter, 
MCT), while intracellular protons are exchanged for sodium ions by the Na~/H~ exchanger (NHE-1). The extracellular activ- 
ity of carbonic anhydrase IX (CA IX) converts CO, into carbonic acid, and bicarbonate ions are exchanged for chloride ions 
in both directions by different Na` -dependent and -independent CI /HCO; exchangers. The pH, of tumour cells is more 


acidic than normal cells and the pH, is more alkaline 


more lactic acid showed a 5 times lower incidence 
of tumour formation. These cells survived hypoxia 
but were very reliant on glucose for energy. Thus 
a low level of lactate production, due to inhibition 
of glycolysis, brought about a high incidence of 
tumour formation, while a high level of lactate, 
resulting from an inhibition of respiration, led to 
a low incidence of tumour formation. A double 
mutant nhel` res” never gave rise to tumours. 
These results indicate that oncogenic transforma- 
tion alone is not the only factor important for in 
vivo tumorigenesis and that pHi regulation and 
therefore the acidic micro-environment is also a 
key determinant in cancer progression. 


10.6.2 
Carbonic Anhydrase, a pH,-regulating Enzyme 
and Marker of Tumour Hypoxia 


However, lactate is not the only source of acidifica- 
tion of tumours. The production of CO, induced by 
anaerobic conditions also contributes to the major 
acid load in the tumour environment. The enzyme 
carbonic anhydrase (CA), which catalyzes the re- 
versible conversion of CO, to carbonic acid, contrib- 
utes to the increase in the pH; of tumour cells via 
the uptake of HCO, through Cl"/HCO,- exchangers 
(Fig. 10.7) (Ivanov et al. 2001). CA is a family of 
zinc metalloenzymes (EC 4.2.1,1) of which there are 
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14 mammalian isoforms that vary in activity and 
tissue distribution. CA 9 and CA 12 are HIF-de- 
pendent genes and have been shown to be up-regu- 
lated in cells of RCC and in multiple human cancers 
(Brahimi-Horn and Pouyssegur 2005; Ivanov et al. 
2001). The protein CA IX is localized in the plasma 
membrane and has an extracellular activity, which 
may be involved in pH sensing. A correlation be- 
tween hypoxia, angiogenesis, HIF-la and CA IX 
expression in primary tumours and lymph node 
metastases in breast cancer has been reported (Van 
den Eynden et al. 2005), and considerable interest is 
being shown in investigating immunohistochemical 
labelling of cancer tissue sections with antibodies 
to CA IX for prognostic purposes. It is of interest to 
note that recently, in addition to interacting with a 
number of membrane exchangers and cotransport- 
ers, the CA II isoform was shown to interact with 
MCTI and to enhance the rate of H* flux mediated 
by MCT1 via a mechanism that did not involve its 
enzyme activity (Becker et al. 2005). However, the 
involvement of CA in tumour progression and me- 
tastasis through modulation of the pH is still to be 
determined. 


Hypoxic Induction of Cell Survival or 
Cell Death 


The implication of hypoxia and HIF in cell survival 
versus cell death is not clear-cut (for review: Greijer 
and van der Wall 2004). This may be due to the fact 
that: (1) different degrees and duration of hypoxia 
may promote survival or death depending on the cell 
type (Vaupel 2004); (2) HIF induces genes involved 
in both apoptosis (programmed cell death) and cell 
survival and proliferation, two seemingly opposite 
events (Semenza 2003); (3) although structurally 
similar, HIF-la and HIF-2a may act in opposing 
ways in different cellular contexts and in response to 
different environmental stimuli (Acker et al. 2005); 
and (4) the micro-environment of hypoxic tumour 
cells may influence the direction cells follow (Blouw 


et al. 2003). It is also generally accepted that tumours 
that are hypoxic are more aggressive, leading to a 
metastatic phenotype (Vaupel 2004). 

Hypoxia is undoubtedly the major stimulus regu- 
lating HIF activity; however, a number of cell-spe- 
cific non-hypoxia-dependent modes of regulation 
also influence activity and thus cell survival/death 
(Semenza 2003). Some of the agents found to influ- 
ence HIF activity are in fact better known for their 
effects on cell proliferation, others for their effects 
on cell death. These include a number of growth 
factors, such as insulin-like growth factor, epider- 
mal growth factor, platelet growth factor and fibro- 
blast growth factor, hormones such as the vasoac- 
tive angiotensin II and androgens, cytokines such 
as tumour necrosis factor-a and interleukin-1B, and 
finally the vasoactive molecule NO. These molecules 
bring into play the Ras/ERK, PI3K/Akt, NF-«B and 
ROS-sensitive signalling pathways. 


10.7.1 
Cell Survival, Growth and Metastasis 


The insulin-like growth factor-2 and insulin-like 
growth factor binding proteins that promote cell 
proliferation and survival are themselves HIF-in- 
duced gene products. These growth factors bind 
transmembrane receptor tyrosine kinases that 
phosphorylate tyrosine residues of substrates that 
signal predominantly through the PI3K/Akt path- 
way. These factors cooperate with nutrients in ac- 
tivating mammalian target of rapamycin (mTOR), 
a serine/threonine protein kinase involved in reg- 
ulating protein translation, for protein synthesis 
during cell proliferation (for review: Pouyssegur 
et al. 2006). When nutrients and thus energy are 
limited, or when cells are exposed to a hypoxic 
stress, mTOR is inhibited and protein synthesis 
shuts down. 

Cells that survive acidosis are thought to have 
developed a selective growth advantage. In addi- 
tion, the acidic extracellular environment leads 
to activation of proteins such as matrix metallo- 
proteases that themselves are induced in hypoxia 
in a HIF-dependent manner (Petrella et al. 2005). 


This contributes to disruption of cell-cell and cell- 
extracellular matrix (ECM) contacts that allow mi- 
gration of cells through basement membranes and 
stromal tissue to enter blood or lymph vessels and 
to metastasize. The role of a number of proteins in- 
volved in cell-cell-ECM contact, such as epithelial 
cadherin, selectins and integrins, may be influenced 
directly by HIF or indirectly by its effects on the 
tumour environment. Thereby high lactate concen- 
trations, even if not the cause of tumour formation, 
may induce adaptive processes and favour metas- 
tasis with subsequent poor survival (Walenta and 
Mueller-Klieser 2004). In addition, HIF is known 
to activate certain genes, such as c-met proto-on- 
cogene and the chemokine receptor CXCR4, that 
are involved in invasion and metastasis (Pennac- 
chietti et al. 2003; Staller et al. 2003). It is of interest 
to note that a cytokine termed autocrine motility 
factor (AME) is none other than the HIF-dependent 
glycolytic enzyme PGI (Tsutsumi et al. 2004). The 
cytokine function of AMF/PGI has been attributed 
to a region of the protein that is distinct from the 
region that possesses enzyme activity. AMF/PGI is 
of course found to be up-regulated in a number of 
cancers, and the cytokine function has been im- 
plicated in a number of cancer-associated events, 
including transformation, proliferation, angio- 
genesis, apoptosis, cell migration and metastasis 
(Tsutsumi et al. 2004). AMF/PGI is secreted from 
cells and binds to a seven-transmembrane glyco- 
protein receptor, AMFR. We are presently examin- 
ing the impact of knockdown by RNA interference 
of AMF/PGI on lactate production and HIF func- 
tion (Laferriére et al. 2005). These studies should 
provide further insight into the role of glycolysis 
and hypoxia in tumour progression and allow dis- 
tinction between acidosic and hypoxic stress. 

Studies using HIF-1a deficient cells have shown 
conflicting results with respect to the promotion or 
inhibition of tumour growth, and a similar situa- 
tion exists for HIF-2a (Acker et al. 2005). This may 
again suggest that the same genetic mutation may 
have different outcomes depending on the environ- 
mental conditions. Therefore further studies are re- 
quired to clarify the tumour-suppressor-like versus 
oncogene-like functions of HIF. 


Hypoxia and Tumour Angiogenesis 


A number of reports have indicated that cells may 
develop resistance to hypoxia-mediated cell death 
through successive periods of exposure to hypoxia. 
In these cells the translocation of the pro-apoptotic 
protein Bax to mitochondria was reduced and lower 
levels of cytochrome C released. Two anti-apoptotic 
proteins, the HIF-induced apoptosis inhibitor pro- 
tein-2 (AIP-2) and Bcl-xL, have been implicated in 
this hypoxia-resistant cell survival. AIP-2 had an 
inhibitory effect towards the activity of caspases, 
proteolytic activity associated with apoptosis. Bcl- 
xL was found to interact with the pro-apoptotic Bax 
protein, thus preventing the activation of the in- 
trinsic cascade. Protection accorded by Bcl-xL was 
dependent on the import of ATP, produced by gly- 
colysis, into the mitochondria to generate an inner 
mitochondrial membrane potential through F,F)- 
ATP synthase, the fundamental cellular energy pro- 
ducer. When glucose was deficient or glycolysis was 
inhibited, protection from hypoxic-mediated cell 
death was absent - yet another example of the im- 
portance of environmental factors in determining 
cell fate. HIF may also indirectly favour cell survival, 
through angiogenic proteins or activation of signal- 
ling pathways. Thus VEGF expression enhances the 
expression of anti-apoptotic proteins, and activation 
of the PI3 K/Akt pathway can protect from apoptosis 
due to serum starvation (Ferrara et al. 2003). 

Hypoxiacanalsolead to reduced cell proliferation, 
and there again certain HIF target genes are involved 
in cell-cycle arrest and proliferation, including p21 
and cyclin G2 (Brahimi-Horn and Pouyssegur 2005). 
G1/S phase cell cycle transition implicates certain 
cyclin-dependent kinases (CDK)-cyclin complexes 
that are inhibited by p21“?! and p27*'P!. A deficiency 
in HIF-1o in embryonic fibroblasts or splenic B lym- 
phocytes abolished hypoxia-induced growth arrest, 
and hypoxia led to a HIF-la-dependent increase 
in p21‘P! and p27'P!, Growth arrest was also inde- 
pendent of p53 expression. Increased expression of 
p21‘?! in hypoxia was linked to derepression by Myc 
through the displacement of Myc from the p21‘! pro- 
moter by HIF-16 Similar findings were reported for 
vhl-⁄^ fibrosarcoma cells (Mack et al. 2005). This 
result suggests that other genes regulated by Myc 
may also be counteracted by HIF. 
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10.7.2 
Cell Death 


Multiple mechanisms of programmed cell death, 
including apoptosis, necrosis and autophagy, are re- 
sponsible for physiological and pathological clear- 
ing of cells (Edinger and Thompson 2004), Apop- 
tosis is an ATP, energy-dependent mechanism that 
occurs either through an extrinsic (death receptor) 
pathway or intrinsic (mitochondrial) pathway and 
is dependent on the proteolytic activity of caspases. 
“Accidental necrosis” is caspase independent and 
occurs when the level of ATP is so low that cells 
can no longer survive. It is termed accidental be- 
cause it is often observed subsequent to exposure 
to cytotoxic agents. Autophagic cell death involves 
vacuolation of cellular components for lysosomal 
degradation and recycling, and thereby constitutes 
a desperate survival strategy in response to stress, 
which ends in suicide. These different routes of cell 
death all contribute to reduce tumour progression, 
but the part that hypoxia and HIF play, in particular 
in the area of autophagy, still needs clarification. 
Autophagy may represent a temporary mechanism 
of obtaining nutrients to increase the ATP level 
prior to the establishment, through angiogenesis, 
of new blood vessels that eventually bring oxygen 
and nourishment to the tumour. 

The protein Bcl-2/adenovirus EJB 19kDa-inter- 
acting protein 3 (BNIP3) and its homolog Nip-3- 
like protein X (NIX) are induced by HIF and are 
implicated in cell death (Greijer and van der Wall 
2004). BNIP3 is overexpressed in ductal carcinoma 
in situ of the breast and was associated with high- 
grade necrotic lesions that may correlate with an 
invasive phenotype. However, no correlation was 
found for the expression of NIX, which may suggest 
that other factors come into play. Despite the fact 
that BNIP3 belongs to the family of Bcl-2 apoptotic 
proteins, BNIP3-mediated cell death has been sug- 
gested to resemble necrosis more than apoptosis. 
However, increased expression of BNIP3 on its own 
may not be sufficient to induce apoptosis; other 
additional conditions may be needed. Removal of 
epidermal growth factor and insulin-like growth 


factor in breast cancer cell line MCF7, and acidosis 
or glucose deprivation in cardiac myocytes (Greijer 
and van der Wall 2004; Webster et al. 2005), were 
required to lead to BNIP3-induced cell death in 
hypoxia. HIF also induces two other proteins that 
are involved in apoptosis, HGTD-P and RTP801 
(Brahimi-Horn and Pouyssegur 2005). The former 
was found to be associated with mitochondria and 
promotes apoptosis by the mitochondrial pathway. 
RNA interference targeting HGTD-P led to protec- 
tion of PC-3 prostatic cancer cells from apoptosis. 
RTP801 overexpression in differentiated neuronal 
PC12 cells and MCF7 breast carcinoma cells re- 
sulted in apoptosis through a decrease in the pro- 
duction of ROS. 

A number of studies have investigated possible 
links between the HIF signalling pathway and p53, 
the so-called “guardian of the genome”. The p53 
gene is a tumour suppressor gene that is often in- 
activated or mutated in tumours and transformed 
cells. The protein product is a transcription factor 
that controls cell growth and DNA damage repair, 
and its activation leads potentially cancerous cells 
to autodestruct. The protein p53, in response to mul- 
tiple DNA damage, induces the apoptotic proteins 
Bax and Bak that initiate apoptosis by regulating 
release of cytochrome C from mitochondria, a char- 
acteristic of the mitochondrial pathway of apopto- 
sis. The level of p53 is normally low in cells, but it 
has been shown to accumulate under hypoxic stress 
and to interact directly with the ODDD of HIF-la. 
The direct physiological consequence of this is not 
fully understood (Fels and Koumenis 2005). Inter- 
action may diminish HIF activity by competing 
with p53 for common cofactors, such as p300/CBP, 
or p53 may influence HIF-1a stability or vice versa. 
Indeed, the ubiquitin E3 ligase murine double min- 
ute 2 (Mdm2), responsible for proteasomal target- 
ing, and thus destruction, of p53, has been shown 
to interact with HIF-la and be suppressed by it, 
thus leaving p53 free to act in cell-cycle arrest and 
apoptosis (Fels and Koumenis 2005). Cells deficient 
in p53 have also been shown to be less sensitive to 
hy poxia-induced apoptosis, giving them a survival 
advantage and a low responsiveness to anti-angio- 
genic combination therapy (Yu et al. 2002). 
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Conclusions 


Given the substantial evidence that hypoxia- throug 
HIF activation of downstream genes- plays a role in 
tumorigenesis and in poor patient survival, it is es- 
sential that the precise mechanisms involved in this 
pathway be fully explored. Therapeutic strategies 
targeting the HIF-signalling pathway, be it through 
direct inhibition of HIF activity with small molecules 
or, better, through inhibition of HIF-dependent gene 
products, such as VEGF, are still in their infancy but 
show promise for the future. However, due to the 
dual effect of HIF in cell survival/death, the risk of 
producing tumour cells even less dependent on the 
vasculature and more resistant to stress-induced cell 
death, thus favouring metastasis, by such approaches 
has been raised. Only further pre-clinical and clinical 
evidence will assuage such concerns. 
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TILL ACKER and KARL H. PLATE 


Abstract 


Malignant gliomas have retained their dis- 
mal prognosis despite an aggressive, mul- 
timodal therapeutic approach, warranting 
the need for novel therapeutic modalities. 
Highly proliferating tumors frequently 
outstrip their vascular supply, leading to a 
tumor microenvironment characterized by 
low PO,, low glucose levels, and an acidic 
pH. Regions of low PO, are indeed common 
findings in malignant tumors, being associ- 
ated with increased frequency of tumor in- 
vasion and metastasis. The ability to initiate 
homeostatic responses and adapt to hypoxia 
is a crucial aspect of solid tumor growth. 
The hypoxia-inducible transcription factors 
HIF-lo and HIF-2a@ act as main regulators 
of hypoxia-induced gene expression, deter- 
mining key parameters of the tumor pheno- 
type such as angiogenesis, energy metabo- 
lism, pH regulation, and genetic instability, 
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as well as tumor invasion/metastasis. These 
adaptive responses confer an increased re- 
sistance to the hostile tumor microenviron- 
ment. Recent insights into cellular and mo- 
lecular crosstalk in this microenvironment 
suggest a model in which hypoxia, HIF, and 
several HIF target genes participate in the 
coordinated collaboration between tumor, 
endothelial, inflammatory/hematopoietic, 
and circulating endothelial precursorcells to 
enhance and promote tumor growth. Inter- 
estingly, however, the HIF pathway is known 
to encompass tumor growth-promoting as 
well as -inhibiting effects, some of which 
may be offset by genetic alterations, sug- 
gesting a far more complex agrowth. Thus, 
despite its promise as a novel and poten- 
tially selective cancer treatment, therapeutic 
modulation of the HIF pathway may require 
an integrated and detailed understanding of 
the multifaceted nature of HIF action in tu- 
mor physiology. 
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Introduction 


Each year 20,000 new primary central nervous sys- 
tem (CNS) neoplasms are diagnosed In the United 
States. Importantly, CNS tumors affect the organ 
that defines the “self;” they are among the most 
debilitating of human malignancies, often severely 
compromising quality of life. A multitude of differ- 
ent neoplastic CNS entities are recognized by the 
CNS tumor classification of the World Health Orga- 
nization (WHO). Among them, malignant gliomas 
are the most common and most studied primary 
malignancies. Malignant gliomas have retained 
their dismal prognosis despite an aggressive, mul- 
timoda] therapeutic approach, warranting the need 
for novel therapeutic modalities. 

Tumor growth and progression occurs as a re- 
sult of cumulative acquisition of genetic alterations 
affecting oncogenes or tumor suppressor genes se- 
lecting for tumor cell clones with enhanced prolif- 
eration and survival potential. Tumor growth de- 
pends on vascular supply to sustain the metabolic 
needs of the tumor tissue. Indeed, the acquisition 
of a functional blood supply seems to be rate-limit- 
ing for the tumor’s ability to grow beyond a certain 
size and metastasize to other sites. However, highly 
proliferative tumors frequently outstrip their vas- 
cular supply, leading to a tumor microenvironment 


characterized by low oxygen tension, low glucose 
levels and an acidic pH. Glioblastomas are charac- 
terized by a prominent, proliferative vascular com- 
ponent and necrotic areas, making them prototype 
tumors in the understanding of the role of hypoxia- 
induced mechanisms in tumor growth and progres- 
sion. A series of recent cell and molecular biology 
studies have significantly extended our knowledge 
on how tumor cells exploit key regulatory mecha- 
nisms of oxygen homeostasis to adapt to changes in 
ambient oxygen concentrations. These studies have 
identified putative oxygen-sensing mechanisms, 
showing that reduced oxygen levels and tumor-spe- 
cific genetic alterations synergistically control im- 
portant physiological pathways by activating a key 
transcriptional system, the HIF (hypoxia-inducible 
factor) system, a potent inducer of gene expression 
in tumor cells. A mounting body of evidence sug- 
gests that hypoxia and HIF play a decisive role in 
tumor physiology and progression by setting and 
controlling a tumor-specific microenvironment es- 
sential for tumor growth. HIF and hypoxia are the 
major triggers for new blood vessel growth in ma- 
lignant tumors, and, as recent evidence suggests, 
regulate a pro-invasive and -metastatic machinery 
crucially determining tumor aggressiveness. They 
induce a shift in energy metabolism from oxida- 
tive to glycolytic pathways, thus contributing to 
the acidic tumor microenvironment. Moreover, 
hypoxia induces genetic instability in tumor cells 
and, possibly involving HIF function, selects for 
apoptosis-resistant and thus malignant cell clones. 
Given the significance of HIF and hypoxia in tumor 
physiology, recent insight into the precise mecha- 
nisms of oxygen sensing and signaling may offer 
new promising and potentially selective targets for 
tumor therapy. 


The Transcription Factor System HIF 


Cells respond to changes in the microenvironment 
such as acidosis, hypoglycemia or changes in oxygen 


tension by down- or upregulation of certain genes. 
Hypoxia, for example, upregulates the transcription 
of several genes. A highly developed, multi-level 
physiological system is devoted to oxygen homeo- 
stasis, requiring the coordinate regulation of a wide 
array of genes. Most of these genes are hypoxia-in- 
ducible in multiple cell types including tumor cells. 
The identification of the HIF transcription system in 
1995 constituted a milestone in our understanding 
of oxygen physiology (Wang and Semenza 1995). 
Since then the HIF system has emerged as a key 
regulatory system of responses to hypoxia both on 
a local and on a systemic level. It is believed that 
approximately 1-1.5% of the genome is transcrip- 
tionally regulated by hypoxia. 

The HIF transcriptional complex is widely con- 
served among mammalian species and invertebrate 
model organisms such as Drosophila melanogaster 
and Caenorhabditis elegans, further stressing its 
importance as a key transcriptional regulator of 
hypoxia-induced responses throughout evolution. 
The HIF complex exists as a heterodimer composed 
of constitutively expressed HIF-f and O,-regulated 
HIF-æ& subunits belonging to the bHLH (basic helix 
loop helix)-PAS (PER-ARNT-SIM) family of tran- 
scription factors. Both HIF-œ and HIF-B proteins 
exist as isoforms [HIF-la, HIF-20, HIF-3a and 
ARNT (aryl hydrocarbon receptor nuclear translo- 
cator), ARNT2 and ARTN3, respectively] (reviewed 
in Wenger 2002). 


11.2.1 
Oxygen-Dependent HIF Regulation 


HIF activity is tightly regulated throughout the 
range of physiological and pathological oxygen 
concentrations, involving multiple mechanisms of 
control at the level of mRNA expression, protein 
stability, nuclear translocation and transactivation 
activity. These combine to activate HIF to maximal 
levels under decreasing oxygen concentrations. On 
the molecular level this is mediated by subjecting 
HIF-&æ subunits to multiple modes of posttransla- 
tional modification, including lysine residue acety- 
lation, phosphorylation and two different types of 
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hydroxylation. The dominant control mechanism 
occurs through oxygen-dependent proteolysis of 
HIF-a subunits (Fig. 11.1). Cellular oxygen concen- 
trations regulate transcriptional activity of HIF-œ 
subunits, namely via influencing protein levels and 
transactivation domain functions. However, other 
processes, encompassing common tumor-specific 
genetic alterations (see below), can influence HIF 
function on different levels. Oxygen-dependent en- 
zymatic hydroxylation of proline residues within 
HIF-a subunits constitutes the critical modification 
governing protein stability. Prolyl hydroxylation al- 
lows capture by the von Hippel-Lindau tumor sup- 
pressor protein (pVHL), which acts as the recogni- 
tion component of an E3-ubiquitin ligase enzyme. 
Subsequent ubiquitination targets the complex for 
proteosomal degradation. As a consequence only 
low-level HIF-o protein expression can be detected 
in the presence of oxygen, increasing rapidly and 
exponentially with decreasing oxygen concentra- 
tions. A second oxygen-dependent switch involving 
hydroxylation of an asparagine residue within the 
transactivation domain regulates transcriptional 
activity, possibly by interfering with recruitment 
of the coactivator p300, which results in reduced 
transcriptional activity. Following oxygen depriva- 
tion HIF-o subunits translocate into the nucleus, 
where they dimerize with HIF- subunits, allowing 
binding to the conserved consensus DNA-binding 
motif RCGTG residing in the hypoxia-responsive 
elements (HRE) of many oxygen-regulated genes. 
Transactivation is initiated by recruitment of coacti- 
vators such as CBP (CREB-binding protein)/P300, 
SRC (steroid receptor coactivator)-1, and TIF2 (tran- 
scriptional intermediary factor), which is promoted 
by the redox regulatory protein Ref (redox effector 
factor)-1. 


11.2.2 
Oxygen-Independent HIF Regulation 


Though oxygen-dependent regulation seems to pro- 
vide the prevailing control mechanism of HIF func- 
tion, receptor-mediated phosphorylation cascades 
via binding of various growth factors and cytokines, 
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Fig. 11.1. Regulation of HIF subunits by oxygen tension: Oxygen-dependent enzymatic hydroxylation of proline residues 
within HIF- subunits constitutes the critical modification governing protein stability. Under normoxia, prolyl hydroxylase 
(HPHD)-mediated hydroxylation allows capture by the von Hippel-Lindau tumor suppressor protein (VHL), which acts as 
the recognition component of an E3-ubiquitin ligase enzyme. Subsequent ubiquitination targets the complex for proteo- 
somal degradation. As a consequence only low-level HIF-œ protein expression can be detected in the presence of oxygen 
(immunofluorescence HIF-1 protein in red). Following oxygen deprivation (hypoxia), HIF-o subunit protein concentrations 
rapidly translocate into the nucleus (immunofluorescence HIF-1 protein in red), where they dimerize with HIF-B subunits, 
allowing binding to the conserved consensus DNA-binding motif RCGTG residing in the hypoxia-responsive elements (HRE) 


of many oxygen-regulated genes 


including angiotensin II, epidermal growth factor 
(EGF), platelet-derived growth factor (PDGF), tu- 
mor necrosis factor (TNF) œ, insulin, and insulin- 
like growth factor (IGF) 1 and 2, represent an alter- 
native way to enhance HIF activity by translational 
and posttranslational control under normoxia. This 
induction is generally less intense than that medi- 
ated by reductions in oxygen tension (reviewed in 
Bilton and Booker 2003). ARD1-mediated acetyla- 
tion of a lysine residue (Lys 532) within the ODD 
(oxygen-dependent domain) represents a novel 
mode of posttranslational modification of HIF-a 
subunits under normoxia. Lysyl acetylation has 
been shown to modulate HIF-o protein stability 
by promoting VHL binding and subsequent pro- 


teosomal degradation, With decreasing oxygen 
tensions acetylation is gradually reduced due to 
decreased ARDI mRNA levels and decreased affin- 
ity of ARD1 to HIF-o& subunits (Jeong et al. 2002), 
A VHL-independent regulation of HIF-c stability 
was suggested by studies reporting that heat shock 
protein (Hsp) 70 and Hsp 90 protect HIF-1@ from 
proteasomal degradation involving physical inter- 
action and support HIF-o transcriptional activity 
(Isaacs et al. 2002). While these pathways do not 
directly mediate the response to hypoxia, interac- 
tions with HIF signaling suggest that cellular re- 
sponses to hypoxia can be fine tuned by integration 
into the major signaling systems. 


The 2-Oxoglutarate-Dependent 
Hydroxylases PHD and FIH 


Hydroxylation provides a dual mechanism of in- 
hibiting HIF activity, inducing proteolytic degrada- 
tion and reducing transcriptional capacity. These 
processes are conferred by a subclass of 2-oxoglu- 
tarate-dependent hydroxylases (reviewed in Acker 
and Acker 2004). Interaction of VHL with HIF-a 
requires an oxygen- and iron-dependent hydroxyl- 
ation of specific prolyl residues (Pro 402, Pro 564) 
within the HIF-~ ODD carried out by HIF-prolyl 
hydroxylase (PHD) (Epstein et al. 2001). So far, four 
orthologs of PHD have been described (PHD I-IV). 
A second oxygen-dependent switch involves hydrox- 
ylation of an asparagine residue within the C-TAD 
of HIF-œ subunits by a HIF asparaginyl hydroxy- 
lase called factor inhibiting HIF (FIH-1) (Lando 
et al. 2002). Asparagine hydroxylation apparently 
interferes with recruitment of the coactivator p300, 
resulting in reduced transcriptional activity. Both 
PHD and FIH belong to a superfamily of 2-oxoglu- 
tarate-dependent hydroxylases which employ non- 
heme iron in the catalytic moiety. They require oxy- 
gen in the form of dioxygen, with one oxygen atom 
being incorporated into the prolyl or asparagyl resi- 
due, respectively, and the other into 2-oxoglutarate, 
yielding succinate and CO,. Thus, the hydroxylation 
reaction is inherently dependent on ambient oxygen 
pressure, providing a molecular basis for the oxy- 
gen-sensing function of these enzymes. 
Interestingly, PHD are strikingly sensitive to 
graded levels of oxygen in vitro, mirroring the pro- 
gressive increase in HIF- protein stability and 
transactivation activity observed when cells are 
subjected to graded hypoxia in vitro (Epstein et 
al. 2001). In line with this observation, PHD have 
been found to have a strikingly low oxygen affinity 
of 178 mmHg above the concentration of dissolved 
oxygen in the air (Hirsilä et al. 2003). Consequently, 
given the regular tissue PO, distribution, PHD 
would operate under suboptimal, nonequilibrium 
conditions for HIF-a turnover far beyond their Km. 
However, given a regular Michaelis-Menten kinetic 
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this would allow the enzymes to operate in a highly 
sensitive manner, in which even small changes in 
oxygen concentration result in pronounced changes 
in enzymatic reaction velocity, and thus in HIF-a 
turnover. Incontrast, collagen prolyl-4-hydroxylases 
exhibit a Km of about 28 mmHg, one sixth of the Km 
of PHD, allowing optimal hydroxyprolyl-collagen 
biosynthesis under the low oxygen concentrations 
physiologically found in the cell (Hirsila et al. 2003). 
FIH was shown to have a K,, of around 64 mmHg, 
suggesting that also this enzyme acts as a bona fide 
oxygen sensor at least under conditions as found in 
normoxic tissues in vivo (Linke et al. 2004). 

The above-mentioned characteristics of the PHD 
system render it highly sensitive to alterations in co- 
factor concentration such as ferrous iron (Knowles 
et al. 2003) or 2-oxoglutarate; in substrate concen- 
tration, e.g. due to changes in HIF-o synthesis; and 
in enzyme concentration, e.g. due to changes in 
mRNA expression of PHD orthologs in response to 
PO, (Epstein et al. 2001), being particularly striking 
for PHD3. Consistent with this hypothesis, physio- 
logical concentrations of cofactors such as ascorbate 
(25-50 uM) (Knowles et al. 2003) have been reported 
to be far below the K,, values of PHD for vitamin 
C (140-170 uM) (Hirsilä et al. 2003), suggesting sig- 
nificant alterations in PHD activity with changes in 
co-factor concentrations. Our understanding of the 
exact interplay of these factors in setting the sensi- 
tivity of the PHD/HIF system is still at the beginning, 
but without any doubt it is of crucial importance to 
understand the cell- and tissue-specific activity and 
response of the oxygen signaling cascade. Immuno- 
histochemical staining of tissues for HIF-o subunits 
provide an indirect method to assess the activity of 
the PHD/HIF system in vivo. These studies have 
documented that HIF-a levels are generally low in 
rodent tissues under physiological conditions and 
are substantially increased in response to systemic 
hypoxia or tissue ischemia (Stroka et al. 2001; Wie- 
sener et al. 2003). Interestingly, HIF-a levels remain 
low even in regions such as the renal medulla, which 
are characterized by low oxygen tensions known 
to enhance HIF-c protein in vitro. In addition, the 
extent and time course of induction as well as cell 
type-specific expression varies suggesting that indi- 
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vidual, cell-specific thresholds for activation of the 
response may exist. 


HIF Activation in Tumors 


A wide range of genes known to be involved in adap- 
tive mechanisms to hypoxia, such as enzymes of 
glucose metabolism and pH regulation as well as 
angiogenic growth factors, have been classically as- 
sociated with tumors. Many of these genes have sub- 
sequently been shown to be regulated by HIF function 
(see below). To date more than 60 putative HIF target 
genes have been identified, expression of which gov- 
erns important processes such as angiogenesis and 
regulation of vascular tone, erythropoiesis, iron ho- 
meostasis, energy metabolism and pH regulation, as 
well as cell survival and proliferation (reviewed in 
Semenza 2003) (Fig. 11.2). A mounting body of evi- 
dence suggests that HIF activation by hypoxia and 
genetic alterations underlie the observed patterns of 
gene expression (reviewed in Acker and Plate 2002). 
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11.4.1 
Tumor Hypoxia 


Hypoxia is a common feature of solid tumor growth. 
Reduced PO, levels have been found in the major- 
ity of human tumors analyzed compared to nor- 
mal tissue of the corresponding organ (Vaupel 
et al. 1989). Immunolabeling studies using mono- 
clonal antibodies raised against the HIF-œ sub- 
unit, which determines HIF activity, demonstrated 
increased HIF-lœ expression in about 53% of ma- 
lignant tumors, including colon, breast, gastric, 
lung, ovarian, pancreatic, prostate, and renal cell 
carcinomas (RCC), melanomas and glioblastomas, 
compared to the respective normal tissue (Zhong 
et al. 1999). Indirect experimental evidence for the 
induction of HIF activity by the hypoxic tumor en- 
vironment came from studies showing perinecrotic 
expression patterns of HIF target genes or HRE- 
driven reporter genes (Damert et al. 1997; Plate 
et al. 1992). In the majority of tumors analyzed, 
intense HIF-œ immunostaining was observed in 
perinecrotic tumor cells, suggesting regulation by 
microenvironmental tumor hypoxia. In contrast, 
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Fig. 11.2, Extended physiological responses governed by the HIF pathway, The HIF system acts as master regulator of physi- 
ological responses to hypoxia, initiating a cascade of mechanisms allowing the tumor to adapt to the hostile microenviron- 
ment. To date more than 60 putative HIF target genes have been identified. These include transactivation of genes mediating 
angiogenesis (VEGF), shift in energy metabolism from oxidative to glycolytic pathways (glucose transporters, glycolytic 
enzymes), pH regulation (CA IX) and cell survival and proliferation (IGF-2). In addition, the HIF pathway includes responses 
with adverse effects on cell function by inducing cell-cycle arrest-specific and pro-apoptotic proteins 


HIF-œ immunoreactivity in hemangioblastomas 
and RCC is rather homogeneous, consistent with a 
constitutive HIF activation being caused by VHL tu- 
mor suppressor gene inactivation (see below) (Krieg 
et al. 2000). 

When tumors develop, they often become more 
malignant with time, a process termed tumor pro- 
gression. HIF expression and activation seem to 
relate to tumor progression. In a mouse model of 
multi-step epidermal carcinogenesis, evolution of 
a more malignant phenotype was correlated with a 
progressive increase in HIF activation as shown by 
enhanced HIF-la mRNA and HIF target gene ex- 
pression (Elson et al. 2000). Overall, HIF expression 
is increased in more aggressive tumors, and it has 
been shown to correlate with tumor grade and tu- 
mor progression in a series of human brain tumors. 
While little or no HIF-o immunoreactivity could 
be detected in low-grade gliomas, glioblastomas re- 
vealed marked upregulation of HIF-l0 in palisad- 
ing cells adjacent to areas of necrosis (Zagzag et al. 
2000). This finding correlates with previous studies 
showing significantly higher levels of VEGF (vascu- 
lar endothelial growth factor) and increased vascu- 
larization in high-grade gliomas (Plate 1999). VEGF, 
as the major tumor angiogenesis and vascular per- 
meability factor, supports glioma growth via a para- 
crine effect on endothelial cells (see below). 


11.4.2 
Genetic Alterations 


Apart from microenvironmental tumor hypoxia, 
additional mechanisms have been identified which 
influence HIF function. HIF expression or activ- 
ity is increased in response to genetic alterations, 
inactivating tumor suppressor genes or activating 
oncogenes, and in response to activation of various 
growth factor pathways. 


11.4.2.1 
VHL 


About 100 years ago, von Hippel and Lindau were the 
first to describe an autosomal-dominant hereditary 
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angiomatous syndrome, which was subsequently 
linked to VHL loss of function. VHL inactivation is 
further frequently detected in sporadic hemangio- 
blastoma and RCC. The common hallmark of lesions 
associated with VHL loss of function is an angio- 
genic phenotype, which led to the suggestion that 
angiogenic factors such as VEGF are constitutively 
activated. Interestingly, lesions linked to the VHL 
syndrome occasionally overproduce erythropoietin 
(Epo), leading to polycythemia. Both VEGF and Epo 
are hypoxia-inducible genes which are regulated by 
HIF, connecting VHL function to HIF regulation. 
In support of this hypothesis, constitutive activa- 
tion of the HIF system can be observed in RCC 
lacking a functional pVHL. Loss of VHL function 
leads to stabilization of HIF-o subunits already un- 
der normoxic conditions, while reintroduction of a 
functional VHL gene restores HIF regulation (Krieg 
et al. 2000; Maxwell et al. 1999). Importantly, HIF- 
a degradation involves a physical association be- 
tween pVHL and HIF-a subunits. It was previously 
demonstrated that pVHL interacts with a number 
of proteins, namely elongin B, elongin C, Cul2 and 
Rbx1, forming a multimeric complex with similari- 
ties to the Skp1/Cdc53 F-Box class of ubiquitin li- 
gases, which are classified as E3 ligases. Proteins 
are tagged for proteosomal-dependent destruction 
in cells by covalent binding of polyubiquitin chains. 
It was therefore suggested that pVHL acts as a sub- 
strate recognition module in an E3 ligase complex 
mediating HIF degradation under normoxic condi- 
tion by targeting HIF for polyubiquitination. Several 
studies went on to show that the pVHL B-domain 
binds to the ODD of HIF-@ subunits, which involves 
hydroxylation of specific prolyl residues, while the 
pVHL a-domain mediates interaction with elongin 
C. In conclusion, VHL loss of function would lead to 
a constitutive HIF activation by inhibiting ubiqui- 
tin-mediated proteosomal degradation, conferring 
a status of hypoxia mimicry to the cell. 


11.4.2.2 
SDH/FH 


Little is known about the involvement of PHD in 
neoplasia. However, PHD may be a target of growth 
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factor signaling pathways and/or oncogenic trans- 
formation. In fact, it has been shown that certain 
oncogenes such as ras and src induce HIF under 
normoxia by inhibiting prolyl hydroxylation on Pro 
564 (Chan et al. 2002). Recent findings, however, 
suggest a possible link between PHD function and 
tumorigenesis. The co-substrate 2-oxoglutarate as 
an intermediate of the Krebs cycle is generated in 
mitochondria. The two ubiquitously expressed mito- 
chondrial enzymes, succinate dehydrogenase (SDH) 
and fumarate hydratase (FH), catalyze sequential 
steps in the Krebs cycle. Germline heterozygous 
mutations in the autosomally encoded enzyme and 
enzyme subunits are associated with hereditary pre- 
dispositions to various tumors including paragan- 
glioma, pheochromocytoma, benign smooth muscle 
cell tumor and RCC (Baysal et al. 2000; Tomlinson 
et al. 2002). Thus, both SDH and FH act as tumor 
suppressor genes. Interestingly, both succinate and 
fumarate, sequential metabolites of the mitochon- 
drial Krebs cycle, have been shown to increase HIF-1 
protein levels by PHD inhibition, indicating a di- 
rect link between PHD activity and tumorigenesis 
(Isaacs et al. 2005; Selak et al. 2005). 


11.4.2.3 
p53, PTEN 


In addition, other tumor suppressor genes, includ- 
ing p53 and PTEN have been implicated in HIF regu- 
lation. p53 activity is induced in response to various 
stimuli, leading to cell cycle arrest or apoptosis. Loss 
of p53 function is a frequent event in tumorigenesis. 
Loss of p53 activity can result either from somatic 
mutations in the p53 gene locus or from functional 
inactivation, e.g. mediated by overexpression of 
MDM 2, a ubiquitin-protein ligase targeting p53 
for proteosomal degradation. p53 has been impli- 
cated in promoting HIF degradation and decreas- 
ing transactivation of HRE-bearing genes, possibly 
by competing for the coactivator p300. Apparently, 
interaction between p53 and HIF-1a is physical, as 
shown by co-immunoprecipitation of both proteins. 
Loss of p53 activity in HCT116 human colon car- 
cinoma cells is associated with increased HIF-10 


expression and HIF-1 DNA-binding activity, as a 
consequence promoting tumor angiogenesis by en- 
hancing levels of the angiogenic factor VEGF (Ravi 
et al. 2000). These studies suggest that apart from 
protecting the cell from hypoxia-mediated apop- 
tosis, loss of p53 activity might also contribute to 
metabolic adaptation and angiogenesis by enhanc- 
ing HIF-1 activity. PTEN is inactivated in a number 
of human tumors, including glioblastoma, breast 
cancer and prostate cancer. Induced expression of 
PTEN in glioblastoma or prostate cancer cells sup- 
presses HIF accumulation under hypoxia and leads 
to attenuation of HIF transcriptional response, pos- 
sibly by inhibiting signaling via the PI3 K(kinase)- 
AKT pathway (Zundel et al. 2000). 


11.4.2.4 
The PI3K-AKT-FRAP and the 
RAS-RAF-MEK-ERK Pathway 


Several oncogenes have been shown to amplify the 
HIF pathway. V-SRC expression results in increased 
HIF-lo protein expression and transactivation of 
different HIF target genes (Jiang et al. 1997). Trans- 
formation of cells by V-SRC seems to involve two 
major intracellular signal transduction pathways, 
namely the PI3K-AKT-FRAP and the RAS-RAF- 
MEK-ERK pathway, the latter including p42/p44 
MAP kinase. Both signaling cascades have been 
found to influence HIF activity, with the former 
inducing HIF-o protein expression and the latter 
HIF-@ transcriptional activity. There seems to be 
some crosstalk between the two pathways, as H-RAS 
transformation appears to increase HIF-o levels un- 
der normoxia and hypoxia via the PI3 K signaling 
cascade (Semenza 2000). 

Taken together, these studies have proven that 
increased HIF expression or activity within tumor 
cells is the result of different mechanisms such as 
microenvironmental hypoxia or multiple tumor 
growth-promoting genetic alterations. As a conse- 
quence, pathways are activated which help the tu- 
mor to adapt to the hypoxic and proliferative mi- 
croenvironment, acting in concert with the selective 
advantage conferred by these mutations. 


Tumor Angiogenesis and Hypoxia 


In 1971, Folkman proposed that solid tumor growth 
is angiogenesis dependent. It is now widely accepted 
that tumors and metastases need to acquire a func- 
tional blood supply to grow beyond a volume of 
several cubic millimeters. Thus, absence of angio- 
genesis can be considered as rate-limiting for tumor 
growth (Carmeliet and Jain 2000). The angiogenic 
switch occurs when the balance between pro-an- 
giogenic and anti-angiogenic molecules is shifted 
in favor of angiogenesis, permitting rapid tumor 
growth and subsequent development of invasive and 
metastatic properties, characteristics that define the 
lethal cancer phenotype (Hanahan and Folkman 
1996). Indeed, a statistically significant correlation 
between vascular density as a parameter for tumor 
angiogenesis and patient survival has been estab- 
lished for a variety of tumors. 


11.5.1 
Molecular Regulators of Angiogenesis 


Various molecular players have been identified 
which are involved in orchestrating specific stages 
and mechanisms of vascular growth in response to 
developmental, physiological and oncogenic stimuli. 
Among these, members of the VEGF and the angio- 
poietin (Ang) family seem to have a predominant 
role (Carmeliet 2000; Yancopoulos et al. 2000). Other 
factors that can act as inducers or modulators of 
angiogenesis include acidic fibroblast growth factor 
(aFGF), basic fibroblast growth factor (bFGF), trans- 
forming growth factor alpha and beta (TGF-a and 
-B), tumor necrosis factor alpha (TNF) and interleu- 
kin-8 (IL-8). In addition, factors have been reported 
that function as naturally occurring inhibitors of 
angiogenesis, like angiostatin or endostatin, derived 
from proteolytic fragments of larger proteins such 
as plasminogen or collagen type XVIII, respectively 
(Jansen et al. 2004). 
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11.5.1.1 
The VEGF Family 


VEGF and its tyrosine kinase receptors VEGFR-1 
(fit-1) and VEGFR-2 (flk-1/KDR) are major regula- 
tors of vasculogenesis and angiogenesis. Gene tar- 
geting studies suggest that signaling via VEGFR-2 
mediates vascular permeability and endothelial cell 
(EC) growth, while VEGFR-1 plays a negative role 
by either acting as a decoy receptor or suppressing 
signaling through VEGFR-2. However, recent stud- 
ies imply a positive regulatory role of VEGFR-1 in 
pathological angiogenesis in vivo (see below). VEGF 
isan EC-specific mitogen with vascular permeability 
inducing properties in vivo (Keck et al. 1989). Inter- 
estingly, a fundamental link between microenviron- 
mental tumor hypoxia and induction of angiogen- 
esis could be established by several studies showing 
that VEGF expression is regulated by oxygen levels. 
VEGF is highly expressed in perinecrotic palisading 
cells but is downregulated in tumor cells adjacent to 
vessels, suggesting oxygen-dependent gene expres- 
sion (Plate et al. 1992; Shweiki et al. 1992). VEGF 
expression under hypoxia is subject to multi-level 
regulation. The hypoxia-mediated response seems 
to depend on regulatory sequences in the 5' and 3' 
regions of the VEGF gene. It has been shown that (1) 
the 5' HRE binding site for HIF is necessary for the 
hypoxic transactivation and (2) mRNA stabilization 
sites in the 3' UTR of the VEGF gene restrict hypoxic 
gene expression to the perinecrotic palisading cells 
in situ. mRNA stabilization seems to involve RNA- 
protein complexes in the 3' UTR as formed by HuR, 
an RNA-binding protein, or hnRNP (heterogeneous 
nuclear ribonucleoprotein) L. In addition, VEGF ex- 
pression is regulated on the translational level by a 
functional IRES (internal ribosomal entry site) in 
the 5' UTR which allows for efficient, cap-indepen- 
dent translation even under hypoxia. Further, VEGF 
protein export and secretion seems to be controlled 
by oxygen tension. 

VEGF, secreted by the hypoxic tumor cell com- 
partment, is distributed throughout the tumor by 
diffusion generating a gradient. The diffusion capac- 
ity differs with the different splice variants of VEGF, 
depending on their heparin-binding affinity, which 
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determines their adherence to the extracellular ma- 
trix. VEGF binding to its receptors (VEGFR) specifi- 
cally expressed by EC, enhances endothelial VEGFR 
expression in an autocatalytic fashion. VEGFR sig- 
naling leads to a cascade of events, including EC 
migration and proliferation as well as induction of 
fenestrae and vascular permeability in tumor ves- 
sels. The importance of the VEGF family in regulat- 
ing tumor angiogenesis, tumor growth and progres- 
sion was verified by several reports showing that 
inhibition of VEGF/VEGFR-2 signaling by VEGF- 
neutralizing antibodies, low-molecular VEGFR-2 
inhibitors or gene transfer of VEGFR-2 dominant- 
negative constructs led to stunted tumor growth 
with reduced vascularization. In an elegant ap- 
proach using the well-established RIP1-Tag2 mouse 
model of multi-step tumorigenesis of pancreatic islet 
carcinoma, islet-specific VEGF deletion by means of 
the Cre-lox system diminished angiogenic switch- 
ing and decreased tumor growth and progression 
(Inoue et al. 2002). The history of the identifica- 
tion of "VEGF and the quest for tumor angiogenesis 
factors" has been excellently depicted in a review by 
N. Ferrara (Ferrara 2002). 

PIGF (placenta growth factor), another member of 
the VEGF family, which specifically binds to VEGFR-1, 
has been shown to exert important, possibly synergis- 
tic functions with VEGF in increasing tumor vascu- 
larization (Carmeliet et al. 2001). These findings have 
established a positive regulatory role of the VEGFR-1 
signaling pathway in tumor angiogenesis. However, 
much of the biological function of the VEGFR-1 ligand 
system may lie in the regulation and recruitment of 
hematopoietic and inflammatory cells to the tumor 
site rather than acting directly on EC. Although a HIF- 
binding site (HRE) has not yet been identified in the 
PIGF gene, several reports indicate oxygen-dependent 
PIGF expression in certain cell types. Thus, tumor hy- 
poxia may induce VEGFR-1 signaling synergistically 
by VEGF and PIGF upregulation. 


11.5.1.2 
The Angiopoietin/Tie Family 


Angiopoietins, in particular Ang-1 and the naturally 
occurring antagonist Ang-2, are implicated in later 


stages of vascular development, i.e. during vascu- 
lar remodeling and maturation (Yancopoulos et al. 
2000). In adult animals, Ang-2 induction is demon- 
strated in EC undergoing active remodeling. Hence, 
it was proposed that Ang-2 induced in the vascular 
endothelium blocked the constitutive stabilizing 
influence exerted by Ang-1. This would allow the 
EC to revert to a more plastic and unstable state. 
VEGF and hypoxia have been reported to increase 
Ang-2 expression in EC in vitro. The observation 
that Ang-2 expression in tumor EC can be seen 
in close vicinity to VEGF-expressing tumor cells 
adjacent to areas of necrosis suggests that similar 
mechanisms take place in vivo (Stratmann et al. 
2001). Moreover, tumor vessels are structurally and 
functionally abnormal, with excessive branching, 
shunts and leakiness resulting in regional hetero- 
geneity in tumor perfusion (Carmeliet 2000). As a 
consequence tumor blood flow is chaotic, leading 
to severely hypoxic regions within the tumor, so 
that even EC of tumor vessels are subject to hypoxia 
(Helmlinger et al. 1997). Acting in concert, EC hy- 
poxia and VEGF-mediated upregulation of Ang-2 
would render EC more accessible to angiogenic in- 
ducers such as VEGF, resulting in a strong angio- 
genic response (Maisonpierre et al. 1997). In addi- 
tion, angiopoietins have been implicated in vascular 
permeability. In particular Ang-1 could counter the 
permeability-inducing effects of VEGF. In return, 
its antagonist Ang-2 potentiated the VEGF-mediated 
increase in vascular permeability. 

Taken together, these observations support the 
view that hypoxia and HIF are key regulators of 
blood vessel growth, inducing upregulation of both 
pivotal angiogenic ligands and their cognate recep- 
tors. Tumor hypoxia and HIF-mediated upregula- 
tion of VEGF and Ang-2 is most likely responsible 
for the two major obstacles to effective cancer treat- 
ment: tumor angiogenesis and edema. 


11.5.2 
Cellular Regulators of Angiogenesis 


Apart from endothelial and perivascular cells, tu- 
mors attract a number of cell types which syner- 


gistically act to augment tumor vascularization, 
including inflammatory/ hematopoietic cells and 
circulating endothelial precursor cells (CEP). Cur- 
rent studies indicate that tumor hypoxia not only 
indirectly influences these cell types by tumor 
cell-specific upregulation of various secreted, para- 
crine-acting factors but may in addition have direct 
cell-intrinsic effects (reviewed in Acker and Plate 
2003). 


11.5.2.1 
Endothelial Cells 


Hypoxia-mediated induction of angiogenesis is 
thought to be mainly conferred by transactivation 
of VEGF in surrounding cells, thus acting in a para- 
crine fashion on EC (extrinsic pathway). However, 
exposure of EC to intermittent and chronic hypoxic 
conditions has been shown to occur in vivo as a 
result of the structurally and functionally abnor- 
mal tumor vasculature (Helmlinger et al. 1997). 
Recent studies suggest that hypoxia may operate as 
an intrinsic regulator of EC growth and function by 
stimulating receptor and ligand expression. HIF-a 
subunits have been reported to induce VEGFR-1, 
VEGFR-2 and tie2. Stabilization of HIF-la by the 
peptide regulator (PR) 39 in different EC lines re- 
sulted in VEGF upregulation and accelerated for- 
mation of vascular structures. Moreover, in vivo 
expression of PR39 targeted to the myocardium in- 
creased myocardial vascularization, though it was 
not clear from that study how relevant HIF pathway 
activation in EC was in comparison with activation 
in the surrounding tissue (Li et al. 2000). Interest- 
ingly, hypoxic VEGF induction in EC was also shown 
to promote network formation in vitro (Helmlinger 
et al. 2000). Thus, hypoxia-driven autocrine stimu- 
lation of EC may enhance the angiogenic pathway 
and participate in the formation and reorganization 
of the vascular network in solid tumors. This was 
recently confirmed by demonstrating that EC-spe- 
cific loss of HIF-1 resulted in reduced tumor growth 
concomitantly with decreased tumor vasculariza- 
tion (Tang et al. 2004). 

Apart from their metabolic function EC may 
provide inductive signals important for tumor de- 
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velopment. A number of studies suggest that blood 
vessels, independent of their nourishing function, 
stimulate organ development and differentiation, 
as shown for pancreas and liver formation, and en- 
hance tumor proliferation. Thus, signaling between 
tumor cells and EC might indeed be bidirectional, 
with tumor cells promoting blood vessel growth and 
EC giving tumor cell-specific differentiation and 
proliferation cues. 


11.5.2.2 
Inflammatory/Hematopoietic Cells 


When in the early 1970s Folkman put forward 
the hypothesis that tumors induce blood vessel 
ingrowth by secreting diffusible angiogenic fac- 
tors, his concept was much criticized as common 
belief stated that tumor angiogenesis was directed 
by the inflammatory host response. His work in- 
spired many researchers, leading to the discovery 
of VEGF and its regulation by tumor hypoxia. Sev- 
eral decades later a mounting body of evidence 
suggests that tumors may indeed exploit the host- 
defense mechanism and attract inflammatory cells 
to further enhance vascularization. Interestingly, 
both concepts may finally be reconciled with the 
observation that tumor- and host cell-directed 
vascularization apparently makes use of similar 
mechanisms with analogous functions of the VEGF 
family and tumor hypoxia. 

Induction of angiogenesis is known as a hall- 
mark of various chronic inflammatory disorders 
such as rheumatoid arthritis and psoriasis. Tumors 
produce various cytokines and chemokines that 
attract inflammatory/hematopoietic cells (Rafii et 
al. 2002). Hematopoietic stem cells are pluripotent 
cells with the capacity for self-renewal and differ- 
entiation into specific lineages; for instance, when 
differentiating along the myeloid lineage they give 
rise to neutrophils and macrophages. Immune sur- 
veillance has long been viewed as keeping tumor 
growth at bay. However, the inflammatory cell com- 
ponent may have a dual role in tumors. Apart from 
killing neoplastic cells, leukocytes such as tumor- 
associated macrophages (TAM) produce an array 
of potent angiogenic and lymphangiogenic growth 
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factors, cytokines and extracellular proteases which 
potentiate tumor growth and progression (Carme- 
liet and Jain 2000). Failure to recruit TAM has been 
demonstrated to significantly attenuate tumor pro- 
gression and metastasis (Lin et al. 2001), partly due 
to impaired angiogenesis. Hypoxia and the HIF 
transcriptional system may play an important role 
in these processes. It has been shown using trans- 
genic mice expressing the green fluorescent protein 
under the control of the human VEGF promoter that 
the tumor environment is capable of inducing this 
HIF-responsive promoter in stromal cells of host 
origin (Fukumura et al. 1998). Moreover, hypoxia 
seems to reduce macrophage migration, potentially 
leading to a preferential accumulation of macro- 
phages in hypoxic tumor regions. In line with these 
observations, conditional gene targeting of HIF-la 
in myeloid cells blunted the inflammatory cell re- 
sponse by attenuating macrophage/neutrophil in- 
vasion and migration (Cramer et al. 2003). Several 
reports have further underlined the importance of 
several HIF target genes such as VEGF, PIGF and 
IL-8 either in the direct regulation or by promoting 
the release of additional factors such as MMP-9 and 
s-KitL in the indirect regulation of hematopoietic 
cell recruitment and function. 


11.5.2.3 
CEP 


In addition to angiogenic sprouting and co-option 
of pre-existing vessels (Holash et al. 1999), new evi- 
dence indicates that tumor vascularization is en- 
hanced by the mobilization and incorporation of cir- 
culating endothelial progenitor cells (CEP). CEP are 
bone-marrow-derived cells with a high proliferation 
potential. Depending on the experimental system, 
their contribution to tumor vessels ranges from a 
few to up to 90% of all vessels (Rafii et al. 2002). The 
VEGF family, in line with its pivotal role in tumor 
angiogenesis, has also been implicated in the mo- 
bilization of CEP. While signaling in hematopoietic 
and inflammatory cells seems to be mediated mainly 
via the VEGFR-I/ligand system, VEGFR-2 signal- 
ing constitutes the prevailing pathway in CEP to 
induce recruitment and proliferation. Interestingly, 


in tumors hematopoietic cells and CEP are found 
in close association, suggesting crosstalk between 
these two cell types. It remains to be determined 
whether hypoxia and the HIF pathway exert similar 
direct effects on CEP. 


Tumor Physiology and Hypoxia 


11.6.1 
HIF and the Warburg Effect 


More than 70 years ago Otto Warburg demon- 
strated a marked turnover of the glycolytic path- 
way in tumor cells even when cultured under nor- 
moxic conditions. Induction of aerobic, in contrast 
to anaerobic glycolysis came to be known as the 
Warburg effect. Metabolic adaptation of the tumor 
cell to intratumoral hypoxia includes switching 
from oxidative to glycolytic pathways. Hypoxia- 
responsive elements have been identified in a 
number of genes involved in glycolysis (Semenza 
2000). In addition, expression studies in HIF-la- 
deficient embryonic stem cells revealed decreased 
expression of 13 different genes encoding glucose 
transporters and glycolytic enzymes. Fructose- 
2,6-bisphosphate, an allosteric activator of 6-phos- 
phofructo-1l-kinase, regulating glycolytic flux, has 
been shown to be induced by HIF-a@ (Minchenko 
et al. 2002). Thus, HIF mediates coordinate up- 
regulation of genes of the glycolytic pathway rang- 
ing from glucose uptake to lactate production. In 
line with these findings, glycolytic metabolism 
as measured by lactate concentration correlates 
with disease progression and metastasis. Though 
a tempting candidate, to date HIF function has 
not been directly linked to the Warburg effect. 
However, glycolytic end products such as lactate 
and pyruvate, which accumulate as a consequence 
of the Warburg effect, have been shown to further 
promote HIF-q stability and HIF-a-dependent 
gene expression (Lu et al. 2002). 


Cellular proliferation inevitably increases oxygen 
demand. It has been proposed that the switch from 
oxygen-consuming to glycolytic pathways might be 
hardwired to the program of cellular proliferation. 
This would provide the cells with an alternative en- 
ergy source during increased oxygen consumption 
and would, in addition, reduce the generation of 
deleterious reactive oxygen species. Indeed, HIF-la 
levels are elevated in the presence of various growth 
factors such as angiotensin II, PDGF and thrombin 
in vascular smooth muscle cells and in tumor cells 
cultured under conditions associated with cellular 
proliferation. In an experimental model of epider- 
mal wounding, HIF activation closely correlates 
with cellular proliferation of keratinocytes in vivo 
(Elson et al. 2000). 

Apart from hypoxia, tumors are typically char- 
acterized by an acidic extracellular microenviron- 
ment (Helmlinger et al. 1997). Lactate production 
by glycolysis is thought to be the major source of 
protons within the tumor. Tumor pH homeostasis 
is tightly controlled by various proton extrusion 
mechanisms. Among these, the tumor-associated 
transmembrane carbonic anhydrases (CA) 9 and 12 
provide a potential link between metabolism and 
pH regulation. They catalyze the reversible hydra- 
tion of carbon dioxide to bicarbonate and protons. 
It has been proposed that this mechanism may con- 
tribute to intracellular pH homeostasis and further 
aggravate extracellular acidosis as bicarbonate is 
exchanged for intracellular chloride. Interestingly, 
CA9 and CA12 have been identified as a new class of 
HIF-a-regulated genes (Wykoff et al. 2000). In sup- 
port of this finding, upregulation of CA9 and CA12 
is observed in a variety of tumors by hypoxia and 
VHL loss of function in vitro and in vivo. Taken 
together, these findings suggest that HIF controls 
fundamental metabolic changes which are favorable 
for tumor growth by inducing a shift from oxidative 
to glycolytic pathways, while at the same time pro- 
viding means to deal with the resulting increase in 
proton load by upregulation of CA. 
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11.6.2 
HIF and Tumor Progression 


Genetic instability leading to mutations is a hall- 
mark of malignancy (Hanahan and Weinberg 2000). 
Accumulative acquisition of specific genetic altera- 
tions is implicated in tumor progression. Glioblas- 
tomas, for example, arise either de novo (primary 
glioblastoma) or by progression from a low-grade 
astrocytoma (secondary glioblastoma). Epidermal 
growth factor receptor overexpression and p53 mu- 
tations have been specifically associated with pri- 
mary and secondary glioblastomas, respectively. 
Interestingly, glioma progression in vivo is associ- 
ated with clonal expansion of p53 mutant cells. With 
these findings in mind, it is interesting to consider 
that genetic alterations found in tumor cells are not 
necessarily primary events, but may themselves be 
a consequence of tumor hypoxia. An elevated mu- 
tation frequency in hypoxic compared to normoxic 
tumor cells has been reported. The authors conclude 
that “the microenvironment of an incipient develop- 
ing tumor might itself contribute to genomic insta- 
bility and mutagenesis, leading to tumor progres- 
sion and an evolution of the malignant phenotype” 
(Reynolds et al. 1996). A diminished DNA repair 
capacity reported under hypoxic conditions may 
underlie this phenomenon. Recently it was shown 
that HIF represses expression of the DNA-repair 
enzymes MSH2 and MSH6, providing a molecular 
link between tumor hypoxia and the pro-mutagenic 
tumor microenvironment (Koshiji et al. 2005). 
Hypoxia may not only induce mutations in tumor 
cells, but may select for malignant cell clones with 
increased resistance to hypoxia-mediated apoptosis. 
Subjecting cells to hypoxia has been shown to induce 
p53 activity and apoptosis (Graeber et al. 1994). Hy- 
poxia-induced acidosis has been implicated in this 
process. When p53-deficient and p53 wild-type (wt) 
cells were mixed in vitro, several rounds of hypoxia 
led to an accumulation of p53-deficient cells. In 
vivo, highly apoptotic regions overlap with hypoxic 
areas in wt p53 tumors, while only little apoptosis 
in hypoxic areas of p53-deficient tumors is reported 
(Graeber et al. 1996). A potential mechanism for HIF 
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involvement in hypoxia-induced p53 accumulation 
was proposed by a study demonstrating a physical 
and functional interaction of p53 with HIF-la, with 
the binding of HIF-la to p53 protecting the latter 
from proteosomal degradation (An et al. 1998). This 
apparently involves a dephosphorylated form of 
HIF-1a. In line with these findings, one study dem- 
onstrated that apoptosis in ES cells in response to 
hypoxia or hypoglycemia involved HIF-la-medi- 
ated upregulation of p53 and downregulation of Bcl- 
2 (Carmeliet et al. 1998). In contrast, HIF-2a~ seems 
to be rather specifically involved in mediating hy- 
poglycemia-induced apoptosis (Brusselmans et al. 
2001). Interestingly, in mixed tumors composed of 
HIBF-la-deficient and HIF-1a wt ES cells, HIF-1a de- 
ficient cells preferentially accumulated at distance 
from existing blood vessels (Yu et al. 2001). In strik- 
ing concordance, a study analyzing mixed tumors 
composed of p53-deficient and p53 wt HCT116 cells 
revealed clustering of p53-deficient cells in hypoxic 
regions (Yu et al. 2002). These findings suggest that 
tumor cell apoptosis induced in hypoxic/hypoglyce- 
mic areas, possibly mediated by HIF activation, leads 
to selection of cell clones which have lost p53 activity 
and are less vulnerable to low oxygen tension. 


11.6.3 
HIF and Tumor Invasion 


The clinical correlation between intratumoral hy- 
poxia and tumor aggressiveness which is in particu- 
lar characterized by tumor invasion and the abil- 
ity to metastasize has found a possible molecular 
correlate in recent studies. Thus, crucial steps in 
these processes, including cell mobility and migra- 
tion, tissue invasion and the ability to home into 
specific organ sites, are governed by specific signal- 
ing pathways known to contain HIF target genes 
such as c-Met, the receptor for HGF (scatter fac- 
tor/ hepatocyte growth factor), or the chemokine 
receptor CXCR4. Both receptor systems have well- 
established functions in tumor invasion and metas- 
tasis, as shown for example in breast cancer (Muller 
et al. 2001) and gliomas (reviewed in Lamszus et al. 
1999). In addition, a number of factors known to 


determine the invasive cancer phenotype, such as 
cathepsin D, matrix metalloproteinase 2 and uroki- 
nase plasminogen activator receptor (uPAR), have 
been shown to be regulated by HIF. Indeed, inhibi- 
tion of the HIF pathway by geldanamycin was shown 
to diminish glioma cell migration in vitro (Zagzag 
et al. 2003). Interestingly, though a growing body of 
evidence suggests that HIF-1a is the major ortholog 
to convey hypoxia-induced gene expression, both 
orthologs, HIF-1œ and HIF-2«, seem to be required 
for hypoxia-induced cell migration, as shown by 
siRNA-mediated knockdown of each ortholog in 
breast cancer cell lines (Sowter et al. 2003). Thus, 
low PO, and activation of the HIF system cause the 
tumor cell to migrate away from hypoxic areas and 
invade further into the host tissue and organs, thus 
supporting tumor spread. It is interesting to note 
that in highly invasive glioblastoma multiforme, 
the most malignant and particularly hypoxic brain 
tumor entity, single tumor cells with high-level HIF 
expression have been detected at the leading tumor 
invasion front (Zagzag et al. 2000). 


Implications for Tumor Therapy 


Tumor growth and progression occurs as a result 
of clonal selection of cells within the tumor cell 
population with mutations in key tumor suppressor 
genes or oncogenes which confer a survival advan- 
tage within a hostile tumor environment (Hanahan 
and Weinberg 2000). These changes contribute to 
a microenvironment, characterized by low oxygen 
tensions, low glucose and an acidic extracellular pH, 
which by itself further increases genetic instability. 
Tumor hypoxia has several deleterious effects for pa- 
tients. Hypoxia correlates with tumor malignancy, 
frequency of invasion and metastasis, and thus with 
poor patient prognosis. In addition, intratumoral 
hypoxia has been associated with increased resis- 
tance to radio- and chemotherapy (Jain 2001). HIF 
activation is commonly observed in human tumors 
and their metastases. As outlined, this can be partly 


attributed to tumor hypoxia. In addition, mutations 
leading to tumor suppressor gene inactivation or 
oncogene activation as well as activation of vari- 
ous growth factor pathways lead to increased HIF 
activity. Thus, physiological and genetic alterations 
act synergistically to enhance HIF activation. As a 
consequence, HIF activity progressively increases 
with tumor progression. 

The HIF system acts as master regulator of physi- 
ological responses to hypoxia, initiating a cascade 
of mechanisms allowing the tumor to adapt to the 
hostile microenvironment (Acker and Plate 2002; 
Semenza 2000). These include transactivation of 
genes mediating angiogenesis (VEGF), shift in en- 
ergy metabolism from oxidative to glycolytic path- 
ways (glucose transporters, glycolytic enzymes), pH 
regulation (CA IX) and cell survival and prolifera- 
tion (IGF-2) (Fig. 11.2). However, clonal selection of 
a particular advantageous component lying down- 
stream of HIF activation may co-select for other 
components that are linked through a common 
physiological pathway, the HIF system. These may 
have properties with a positive, neutral or even neg- 
ative influence on the growth of the emerging cell 
clone. Indeed, apart from inducing pro-proliferative 
proteins, such as IGF (insulin-like growth factor)-2, 
IGF-BP (binding proteins) 1-3 and TGF (transform- 
ing growth factor) B3, the HIF pathway includes re- 
sponses with adverse effects on cell function by in- 
ducing cell-cycle arrest-specific and pro-apoptotic 
proteins such as DEC (defective chorion)-1, BNIP 
(Bcl2/adenovirus E1B 19kDa-interacting protein)-3, 
its ortholog NIX (Nip3-like protein X) and cyclin G2. 
In addition, direct stabilization of the pro-apoptotic 
protein p53 has been suggested by studies demon- 
strating physical and functional interaction between 
HIF-1a and p53 (reviewed in Acker and Plate 2002). 
Thus, the HIF system transactivates an extended 
physiological pathway which encompasses a wide 
array of physiological responses to hypoxia, rang- 
ing from mechanisms which increase cell survival 
to those inducing cell cycle arrest or even apoptosis. 
Though activation of the entire pathway by wide- 
spread HIF activation in tumors seems to confer 
an overall growth advantage to the individual cell, 
single components may have opposing functions 
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on tumor growth. However, tumors may counter- 
act these cell death responses by selection of cells 
with specific genetic alterations, exploiting HIF- 
mediated survival mechanisms for their growth 
and progression. In this context, hypoxia-mediated 
upregulation of an antisense HIF-1a, the inhibitory 
PAS protein IPAS, PHD2/3 or activation of glycogen 
synthase kinase 3 (GSK3), resulting in reduced hy- 
poxic HIF-a accumulation, may be viewed as a pre- 
ventative and self-limiting procedure by the cell to 
keep HIF-a levels and function from reaching toxic 
concentrations (reviewed in Acker and Acker 2004). 

The recent insight into the precise mechanisms 
of oxygen sensing and signaling may further help 
to develop novel strategies to specifically target the 
HPHD-HIF-VHL pathway in tumor cells at differ- 
ent levels, namely interfering with hypoxia-induc- 
ible gene function, inhibiting HIF-mediated trans- 
activation or preventing HIF stabilization. Given 
the widespread HIF activation in tumors, the role 
of HIF in transactivating angiogenic factors and the 
role of angiogenic factors in tumor growth, interfer- 
ing with the HIF system is particularly appealing. 
The rationale of this approach lies in depriving the 
tumor cell of oxygen and nutrients by inhibiting 
angiogenesis while at the same time disabling adap- 
tive mechanisms that help the cell to survive in this 
microenvironment. However, as described, the HIF 
system may transactivate an extended physiological 
pathway with individual components having pro- or 
anti-tumorigenic effects. Based on the relative in- 
fluence each component has on overall cell growth, 
general manipulation of the HIF system is likely to 
show variable outcome. 

Indeed, several studies have revealed conflict- 
ing data with regard to the effect of HIF manipula- 
tion on tumor growth. Some reported reduction in 
tumor growth and angiogenesis by HIF inhibition 
using, for example, HIF-1a-deficient ES cells (Ryan 
et al. 1998); a peptide blocking the interaction of 
the HIF-1a carboxyl terminus with the transcrip- 
tional coactivator p300 (Kung et al. 2000); the his- 
tone deacetylase inhibitor trichostatin A (Kim et al. 
2001); or PI3 K pathway inhibitors such as LY294002 
(Blancher et al. 2001). In contrast, one group 
demonstrated accelerated growth of HIF-la-def- 
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cient ES cells due to a decrease in hypoxia-mediated 
apoptosis, though angiogenesis was also reduced 
(Carmeliet et al. 1998). Similarly, others described 
a negative influence on tumor growth by constitu- 
tive HIF-2@ activation in breast cancer cell lines 
(Blancher et al. 2000). Interestingly, clinical studies 
correlating HIF-1m expression with patient progno- 
sis have supported this variable outcome. One, for 
instance, positively correlated increased HIF-10 ex- 
pression with a poor prognosis in patients with cer- 
vical cancer (Birner et al. 2000), while another study 
reported a better survival rate for patients with non- 
small cell lung cancer with HIF-la-positive than 
-negative tumors (Volm and Koomagi 2000). A re- 
cent study (Acker et al. 2005) provided new evidence 
indicating that under certain conditions HIF may a 
have tumor-suppressive role, suggesting a dual func- 
tion of HIF in tumor biology (reviewed in Acker and 
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Acker 2004) (Fig. 11.3). Though decreasing tumor 
vascularization, HIF inhibition using a dominant- 
negative HIF transgene in gliomas or HIF-2-defi- 
cient teratomas accelerated tumor growth, partly 
due to a decrease in hypoxia-induced tumor apop- 
tosis, Moreover, HIF-1 crucially determines tumor 
responsiveness to radiotherapy (Moeller et al. 2005). 
By promoting ATP metabolism, proliferation and 
p53 activation, HIF-1 has a radiosensitizing effect 
on tumors. In contrast, through stimulating endo- 
thelial cell survival, HIF-1 promotes tumor radiore- 
sistance. 

Thus, in terms of both tumor physiology and tu- 
mor responsiveness to therapeutic intervention, the 
impact of HIF on tumor growth is complex and vari- 
able. For this reason, employing HIF inhibitors in 
cancer treatment requires careful consideration and 
characterization of pro- and anti-tumorigenic func- 
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Fig. 11.3. Dual role of HIF in governing cell survival and death. The HIF system transactivates 
an extended physiological pathway which encompasses a wide array of physiological responses 
to hypoxia, ranging from mechanisms which increase cell survival to those inducing cell cycle 
arrest or even apoptosis. Current data suggest a model in which decreasing oxygen concentra- 
tions translate into concomitant changes in HIF-a protein levels and modifications leading to 
exponentially increasing HIF transactivation activity. When reaching a cell-specific threshold, 
HIF activity induces a qualitative switch in the cellular response from cell survival to cell death 


mechanisms 
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tions of the oxygen-sensing pathway. From a thera- 
peutic point of view, intervention in the PHD/HIF 
pathway is a double-edged sword. The solution may 
lie in a balanced and fine-tuned manipulation of the 
system, as it holds true for so many matters in life. 
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Endogenous Inhibitors of Angiogenesis 


MALIN Sunp and RAGHU KALLURI 


Abstract 


During angiogenesis new blood vessels are 
formed from pre-existing blood vessels. Tu- 
mor angiogenesis enables a small colony of 
malignantly transformed cells to grow and 
develop into an invasive cancer. This process 
is believed to be regulated by a change in the 
balance between endogenous pro-angiogenic 
and anti-angiogenic factors, and thus tumor 
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growth requires a shift towards pro-angio- 
genesis. There are now extensive genetic data 
available from animal models that illustrate 
that the ceiling growth rate of a cancer is 
strongly influenced by the angiogenic po- 
tential of the host. This concept will be dis- 
cussed in this chapter. We will also introduce 
the reader to the known matrix-derived and 
other endogenous inhibitors on angiogenesis, 
and their mechanism of action. 
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Introduction 


Endogenous inhibitors of angiogenesis are defined 
as proteins or fragments of proteins that are formed 
in the body, which subsequently can inhibit the for- 
mation of blood vessels by disrupting the angiogenic 
process (Kalluri 2003; Nyberg et al. 2005). These 
substances can be found both in the circulation and 
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sequestered in the extracellular matrix (ECM) sur- 
rounding cells. It was previously thought that the 
ECM merely functions as a structural scaffold for 
cells. However, the highly active role of the ECM 
in modulating most aspects of cell behavior in the 
multicellular organism is becoming increasingly ap- 
preciated (Folkman and Kalluri 2003; Kalluri 2003; 
Nyberg et al. 2005). In the context of angiogenesis 
this becomes evident by the many endogenous in- 
hibitors of angiogenesis that are fragments of larger 
ECM molecules. These fragments become released 
upon proteolysis of the ECM and the vascular base- 
ment membrane (VBM) by enzymes of the tumor 
microenvironment, such as matrix metalloprotein- 
ases (MMPs), cathepsins and elastases (Kalluri 2003; 
Sundetal. 2004). Therefore, many endogenous inhib- 
itors of angiogenesis are bio-active fragments from 
the ECM and VBM degradome (Kalluri 2003; Sund 
et al. 2004). Besides the matrix-derived molecules, 
the quite heterogeneous group of other endogenous 
inhibitors of angiogenesis contains molecules that 
are fragments or metabolites of hormones, clotting 
factors or proteins of the immune system (Folkman 
2004; Nyberg et al. 2005). Thus through the concept 
of the protein degradome, a ‘second wave’ of defense 
against pathologic neovasculature, fought by frag- 
ments of proteins that are released by enzymes of the 
tumor microenvironment, becomes evident. 

The ECM is central to a functioning vasculature in 
many ways. A specialized ECM structure, the VBM, 
is found beneath the endothelial cell (EC) layer of all 
blood vessels and serves as an scaffold for the ECs 
(Fig. 12.1) (Kalluri 2003; Sund et al. 2004). On the 
outside the VBM also serves as the anchoring dock 
for the pericytes, cells which provide the vessels with 
additional structural support. The ECM surround- 
ing blood vessels also sequesters growth factors and 
angiogenic factors which influence the vasculature 
in multiple ways (Fig. 12.1) (Kalluri 2003; Sund et al. 
2004). In angiogenesis, new blood vessels are formed 
by sprouting from pre-established vasculature. Dur- 
ing this process the VBM is degraded, which allows 
the ECs to detach and migrate into the extracellular 
space. In the extracellular space the ECs become sur- 
rounded by a provisional ECM, form a new lumen, 
a new VBM and become enveloped by pericytes to 


form a mature blood vessel (Fig. 12.2) (Kalluri 2003; 
Sund et al. 2004). 

What regulates the formation of new blood ves- 
sels in a tumor? One key factor is the physiological 
balance between pro-angiogenic factors and the 
anti-angiogenic factors in the body and their subse- 
quent effect on the ECs (Folkman and Kalluri 2003). 
A new blood vessel will be formed when the balance 
is switched towards pro-angiogenesis, caused by ei- 
ther an excess of angiogenic factors or a lack of anti- 
angiogenic factors. The angiogenic process can thus 
potentially be manipulated by decreasing the for- 
mer or increasing the level of the latter. All tissues, 
including tumors, depend on oxygen delivery for 
survival (Folkman and Kalluri 2003; Hanahan and 
Folkman 1996; Jain 1988), and therefore a shift of the 
angiogenic balance towards anti-angiogenesis offers 
a new way of influencing tumor growth and an ad- 
ditional method of cancer treatment. 

We will in this chapter discuss both matrix-de- 
rived and other endogenous inhibitors of angiogen- 
esis. We will also discuss the genetic evidence avail- 
able from animal studies that clearly indicates that 
shifting the angiogenic balance towards increased 
anti-angiogenesis prevents the formation and sur- 
vival of tumors. 


Matrix-Derived Endogenous Inhibitors 
of Angiogenesis 


12.2.1 
Fragments of Type IV Collagen - Tumstatin, 
Arresten and Canstatin 


The structural network formed by type IV colla- 
gen is essential for the stability and assembly of 
all basement membranes (Kuhn et al. 1981; Timpl 
et al. 1981). There are six different type IV colla- 
gen a-chains in mammals. The @l- and a2-chains 
are found in most basement membranes, whereas 
the @3- to o6-chains are found in specialized 
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Fig. 12.1. The extracellular matrix (ECM) and blood vessel. 
The blood vessel wall consists of an endothelial cell lining, a 
vascular basement membrane (VBM) anda supporting outer 
pericyte layer. The VBM isa highly specialized form of ECM. 
Outside of the pericyte layer the vessel is surrounded by the 
ECM, which functions as a supportive structure but also se- 
questers both pro- and anti-angiogenic molecules 
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basement membranes, and thus display a more 
restricted expression pattern (Kalluri 2003). Mice 
deficient of the œl- and a2-chains die during early 
development, whereas &3-chain-deficient mice ini- 
tially survive but later succumb due to renal failure 
(Cosgrove et al. 1996; Poschl et al. 2004). All type IV 
collagen -chains share the same structure, with an 
N-terminal 7S domain, a middle triple-helicalcol- 
lagenous domain, and a C-terminal globular non- 
collagenous (NC) domain (Kalluri 2003). Our labo- 
ratory has discovered that the degradation of VBM 
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preparations with tumor-associated enzymes such 
as MMPs, elastases and cathepsins results in the 
release of bio-active type IV collagen fragments 
named tumstatin, arresten and canstatin (Table 12.1) 
(Kalluri 2003). 

Tumstatin is the 28-kDa NC1 domain of the 
o3-chain of type IV collagen (Table 12.1). Tum- 
statin was recombinantly produced and found to 
specifically induce apoptosis of proliferating ECs 
(Maeshima et al. 2000a), and to have potent anti- 
angiogenic activity in several in vitro angiogenesis 
assays and in vivo mouse tumor models (Maeshima 
et al. 2000a,b, 2001a,b, 2002). Tumstatin can also be 
found in the blood of mice at physiological levels of 
approximately 300-350 ng/ml (Hamano et al. 2003), 
most likely due to the regular basement membrane 
(BM) turnover process by MMPs (Hamano et al, 
2003). The EC receptor B3-integrin was shown to 
be the functional receptor for tumstatin (Maeshima 
et al. 2000a,b, 2001a,b, 2002), and the binding to this 
integrin leads to an EC-specific inhibition of CAP- 
dependent protein translation, and thus decreased 
EC proliferation (Maeshima et al. 2000a,b, 2001a,b, 
2002; Sudhakar et al. 2003). The importance of §3-in- 
tegrin is further underlined by the finding that mu- 
rine lung ECs (MLECs) isolated from mice deficient 
of B3-integrin do not display decreased proliferation 
when treated with recombinant tumstatin, and that 
vascular endothelial growth factor (VEGF)-induced 
neovascularization of Matrigel plugs in 83-integrin- 
deficient mice could not be inhibited by tumstatin 
treatment (Hamano et al. 2003). 

Arresten is the 26-kDa NC1 domain of the a1- 
chain of type IV collagen (Table 12.1) (Colorado 
et al. 2000). Arresten inhibits EC proliferation, 
migration, tube formation, neovascularization of 
Matrigel plugs and the growth of primary tumors 
and metastases in mouse xenograft tumor models 
(Colorado et al. 2000; Sudhakar et al. 2005). The 
receptor for arresten on ECs is @l-integrin, and 
arresten competes with type IV collagen for the 
binding to this receptor. Recently, we have shown 
that arresten inhibits the focal adhesion kinase 
(FAK)/c-Raf/MEK/ERK1/2/p38 MAPK activation 
in ECs, without affecting the phosphatidylinosi- 
tol 3-kinase (P13 K)/Akt pathway (Sudhakar et al. 
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2005), Furthermore, arresten was also shown to 
inhibit the expression of hypoxia-inducible factor- 
lo. (HIF-la) and VEGF during hypoxia by inhib- 
iting ERK1/2 and p38 activation (Sudhakar et al. 
2005). In line with the hypothesis of the essential 
role of @1-integrin for the function of arresten, no 
inhibition of this pathway could be observed on 
ECs derived from al-integrin-deficient mice (Sud- 
hakar et al. 2005). When tumors were implanted 
on Ql-integrin-deficient mice, no effect on tumor 
angiogenesis and growth could be obtained with 
arresten treatment, providing further evidence for 
the importance of al-integrin for the anti-angio- 
genic effect of arresten (Sudhakar et al. 2005). 
Canstatin is the 26-kDa NCI domain of the a2- 
chain oftype IV collagen (Table 12.1). This molecule 
has been shown to have anti-angiogenic activity in 
vitro by significantly inhibiting EC proliferation, 
migration, tube formation, and leading to an in- 
duction of apoptosis of these cells (Kamphaus et al. 
2000; Petitclerc et al. 2000). In vivo canstatin treat- 
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ment led to reduced growth of xenograft tumors in 
mice (Kamphaus et al. 2000). Recently, it was shown 
by using a canstatin-human serum albumin fusion 
protein that the strong induction of apoptosis by 
canstatin is mediated by the avB3- and ov5-in- 
tegrins (Magnon et al. 2005). However, this effect 
was not EC specific, and could also be observed on 
tumor cells. Thus canstatin, besides its anti-an- 
giogenic effect, also has potent anti-tumor activity 
(Magnon et al. 2005). 

Interestingly, the NC1 domain of the «6-chain of 
type IV collagen has also been described to possess 
anti-angiogenic activity (Petitclerc et al. 2000). 


12.2.2 
The Endostatin Fragment of Type XVIII and 
XV Collagen 


Most vascular and other basement membranes 
contain type XVIII and XV collagen (Hagg et al. 
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Fig. 12.2a,b. The angiogenic process. a In the initiation of the angiogenic process pericytes detach from the vessel wall and the 
VBM is degraded by tumor microenvironment-associated enzymes. This is influenced by a general increase of pro-angiogenic 
molecules from the tumor, the circulation and the ECM. Endothelial cells (ECs) are released, proliferate and migrate under the 
influence of angiogenic and anti-angiogenic stimulators. During this process the ECs are surrounded by a provisional ECM. 
b After the new blood vessel is formed, proliferation and migration is downregulated and a new VBM assembled. Blood ves- 
sels reach maturity when the newly synthesized vessel obtains appropriate pericyte coverage. However, note that the pericyte 
coverage is reduced compared to normal vessels. Also the VBM displays irregularities and the EC lining contains gaps 


1997; Pihlajaniemi and Rehn 1995; Saarela et al. 
1998). The former is a heparan sulfate proteoglycan 
(HSPG) (Rehn and Pihlajaniemi 1994) and the latter 
a chondroitin sulfate proteoglycan (CSPG) (Liet al. 
2000), both of which are important for the struc- 
tural integrity of the BM, as a deficiency of these 
molecules leads to various BM defects (Eklund et 
al. 2001; Fukai et al. 2002). These collagens share 
a similar structure with large non-collagenous do- 
mains at the N- and C-termini of the molecules, 
and a middle collagenous domain with multiple 
interruptions (Pihlajaniemi and Rehn 1995). The 
highest homology between type XVII and XV col- 
lagen is found in the C-terminus of the molecules 
(Sasaki et al. 2000). 

Endostatin is a 20- to 22-kDa C-terminal frag- 
ment of type XVIII collagen (O'Reilly et al. 1997) 
with very potent anti-angiogenic activity (Ta- 
ble 12.1). This fragment can be cleaved from the 
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parent molecule by at least cathepsin-L, elastin 
and matrilysin (Felbor et al. 2000; Lin et al. 2001; 
Wen et al. 1999). Type XV collagen also has an end- 
ostatin-like domain with anti-angiogenic activity 
(Table 12.1) (Ramchandran et al. 1999; Sasaki et al. 
2000), although this fragment has been much less 
studied than the endostatin of type XVIII collagen. 
Endostatin derived from type XVIII collagen can be 
found circulating in the blood at physiological lev- 
els of 20-35 ng/ml (Rehn and Pihlajaniemi 1994). 
Endostatin has multiple ways of negatively af- 
fecting tumor growth. This molecule inhibits EC 
proliferation and migration, induces apoptosis and 
causes a Gl arrest of ECs (Dhanabal et al. 1999a,b; 
Yamaguchi et al. 1999). Several EC receptors have 
in vitro been described to bind endostatin, in- 
cluding «581-, ovB3- and ovf5-integrins as well 
as glypicans (Karumanchi et al. 2001; Rehn et al. 
2001; Sudhakar et al. 2003). We observed that the 


Table 12.1. Matrix derived endogenous inhibitors of angiogenesis 


Inhibitor Parent EC 

molecule receptor 
Tumstatin a3(IV) avp3 

collagen integrin 
Arresten al(IV) alßı 

collagen integrin 
Canstatin a2(IV) avB3 and avB5 

collagen integrin 
a6(IV) NC1 a6(IV) collagen NA 
Endostatin QI(XVIID) collagen &5ßl-integrin, 


tropomyosin 


Endostatin (COL al(XV) NA 

XV) collagen 

Endorepellin Perlecan 02B1-integrin 
Anastellin Fibronectin NA 

TSP-1 - CD36 

TSP-2 - NA 

Fibulin-5 - NA 


Tumor EC EC EC 
growth proliferation migration apoptosis 
7 4 R T 
$ L 4 T 
4 L J T 
NA L NA NA 
L - L T 
4 4 4 NA 
NA NA L NA 
l NA NA NA 
L L 4 

4 L 


NA L NA NA 


” Mouse endostatin has also been shown to inhibit EC proliferation. Abbreviations: EC, endothelial cell; NC, non-collagenous 


domain; NA, not 
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interaction of endostatin with o5-integrin leads to 
the inhibition of the FAK/c-Raf/MEK1/2/p38/ERK1 
mitogen-activated pathway in vitro, without an ef- 
fect on PI3 K/Akt/mTOR/4E-BP1 and CAP-depen- 
dent translation (Sudhakar et al. 2003). The binding 
of endostatin to o5-integrin has also been shown 
to cause a disruption of focal adhesions and actin 
stress fibers by downregulating RhoA (Wickstrom 
et al. 2002, 2004). 

The indirect effects on angiogenesis by end- 
ostatin include inhibition of MMP-2 activity, block- 
ing the binding of VEGF isoforms VEGF,,, and 
VEGF,,, to VEGFR2, and the stabilization of cell- 
cell and cell-matrix adhesions, which prevents the 
loosening of these junctions required during vas- 
cular sprout formation (Dixelius et al. 2002; Kim 
et al. 2000, 2002). Endostatin has been extensively 
studied and is currently in phase II clinical trials 
(Folkman 2004). 


12.2.3 
Endorepellin - a Fragment of Perlecan 


Perlecan is a large HSPG of the BM, which is im- 
portant for BM structural stability (Costell et al. 
1999). Endorepellin is an 81-kDa C-terminal frag- 
ment of perlecan with anti-angiogenic activity 
(Table 12.1). This molecule inhibits EC migration, 
tube formation and vessel growth in angiogen- 
esis assays both in vitro and in vivo (Mongiat et 
al. 2003). EC «2B1-integrin has been shown to be 
the functional receptor for endorepellin (Bix et 
al. 2004). The binding to this receptor leads to an 
increase in intracellular cAMP and the activation 
protein kinase A/FAK/p38MAPK and HSP27, fol- 
lowed bya downregulation of p38MAPK and HSP27 
(Bix et al. 2004). This results in the disassembly of 
actin stress fibers and focal adhesions, with subse- 
quent inhibition of EC migration and angiogenesis 
(Bix et al. 2004), A terminal laminin-like globular 
(LG3) domain of endorepellin has been shown to 
contain the active site of endorepellin (Gonzalez et 
al. 2005). The proteolytic processing of endorepel- 
lin by the BMP-1/Tolloid family of metalloprote- 
ases most likely occurs physiologically, as the LG3 


fragment has been found in the urine of patients 
with end-stage renal disease and in the amniotic 
fluid of women with premature rupture of fetal 
membranes during pregnancy (Gonzalez et al. 
2005). However, whether endorepellin is found in 
the circulation is currently unknown. 


12.2.4 
Thrombospondin-1 and -2 


Thesecreted glycoproteins thrombospondin(TSP)- 
1 and -2 can be found in the ECM and pericellu- 
lar matrix (Table 12.1) (Armstrong and Bornstein 
2003; Lawler 2002). TSP-1 is a multi-functional 
protein that directly interacts with many ECM 
proteins and influences levels of extracellular pro- 
teases, as well as affecting the ECM by activating 
transforming growth factor B (TGF-B) (Lawler 
2002). TSP-1 is a highly potent anti-angiogenic 
molecule and the active site responsible for this 
effect has been shown to be located in the N-termi- 
nal heparin-binding domain of the protein (Fer- 
rari do Outeiro-Bernstein et al. 2002). Although 
many cell surface receptors bind TSP-1 (Lawler 
2002), it is currently believed that CD36 on the ECs 
is the major receptor for the anti-angiogenic effect 
(Armstrong and Bornstein 2003; Lawler 2002). The 
whole TSP-1 protein is too large to be used as a 
therapeutic agent, which has led to the develop- 
ment of several mimetics to the anti-angiogenic 
region. These are currently being tested for anti- 
tumor activity in phase II clinical trials. 

Thrombospondin-2 (TSP-2) also possesses 
anti-angiogenic activity. TSP-2 inhibits EC migra- 
tion and tube formation, as well as increasing EC 
specific apoptosis through an 80-kDa fragment in 
the N-terminal region of the molecule (Noh et al. 
2003). 


12.2.5 
Anastellin - a Fragment of Fibronectin 


Fibronectin is a highly abundant ECM pro- 
tein produced by most cell types that forms an 


adhesive fibrillar meshwork. Fibronectin is a 
multi-domain protein, and it has been shown 
that the first type III repeat is important for fi- 
bronectin self-assembly (Yi and Ruoslahti 2001). 
Anastellin is an anti-angiogenic, 76-amino-acid 
fibronectin fragment, the III1-C peptide from the 
first type II] repeat (Table 12.1) (Yi and Ruoslahti 
2001). Anastellin has been found to form an active 
complex with soluble fibronectin and fibrinogen 
with potent anti-angiogenic effect (Yi et al. 2003). 
One hypothesis is that this active complex inter- 
acts with EC integrins, leading to the observed 
anti-angiogenic effect (Yi et al. 2003). The anti- 
angiogenic activity of anastellin is dependent on 
soluble fibronectin, as it is lost when injecting 
anastellin into mice deficient of soluble fibronec- 
tin (Yi et al. 2003). Interestingly, endostatin and 
antithrombin were also found to be dependent on 
soluble fibronectin, which adds active complex 
formation with fibronectin to the growing list of 
indirect angiogenesis effects caused by these mol- 
ecules (Akerman et al. 2005; Yi et al. 2003). It has 
also been shown recently that anastellin inhibits 
EC signaling pathways and prevents cell prolifera- 
tion by modulating ERK signaling pathways and 
downregulating expression of cell cycle-regula- 
tory genes (Ambesi et al. 2005). 


12.2.6 
Fibulin-5 


Fibulin-5 is a member of the fibulin family of se- 
creted ECM glycoproteins. This molecule is strongly 
expressed in large arteries. It has been shown that 
fibulin-5 mediates EC binding to the ECM and scaf- 
folds cells to elastic fibers. Fibulin-5 binds to avB3-, 
avB5- and &9ßl-integrins on the cell surface (Timpl 
et al. 2003). In vitro studies with overexpression of 
fibulin-5 in ECs have indicated anti-angiogenic ac- 
tivity with inhibition of EC proliferation, disturbed 
angiogenic sprouting and reduced invasion through 
Matrigel matrices (Table 12.1) (Albigand Schiemann 
2004). Furthermore, fibulin-5 enhances TSP-1 ex- 
pression from ECs, leading to an even stronger anti- 
angiogenic effect (Albig and Schiemann 2004). 
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Other Endogenous Inhibitors of 
Angiogenesis 


12.3.1 
Fragments of Blood Coagulation Factors 


12.3.1.1 
Angiostatin 


Angiostatin is a fragment of plasminogen with po- 
tent anti-angiogenic activity (Table 12.2). Several 
MMPs have been shown to cleave plasminogen and 
to release anti-angiogenic peptides containing vari- 
ous members of the five plasminogen kringle do- 
mains, depending on the site of proteolysis (the 45- 
kDa kringle-1 to -4 or 38-kDa kringle-1 to -3). These 
anti-angiogenic peptides are collectively called an- 
giostatin (Cornelius et al. 1998; Geiger and Cnudde 
2004). The plasminogen kringle-5 domain by itself is 
also a potent inhibitor of angiogenesis (Zhang et al. 
2004). Angiostatin inhibits EC proliferation, migra- 
tion and tube formation and induces EC apoptosis 
(Claesson-Welsh et al. 1998; O'Reilly et al. 1994). 

Angiostatin has been extensively studied and it 
has been shown to affect angiogenesis by several 
means (Geiger and Cnudde 2004). EC apoptosis is 
triggered by binding to the ATP synthase (Moser et 
al. 1999). Both angiostatin and plasmin specifically 
bind to the av$3-integrin, and angiostatin counter- 
acts and interferes with the plasmin-induced cell 
migration of ECs (Tarui et al. 2001). It has also been 
shown that treatment with angiostatin leads to an 
induction of FAK activity. FAK activity can also be 
induced by the internalization of angiostatin after 
binding to the receptor angiomotin (Troyanovsky et 
al. 2001). Treatment of ECs with angiostatin in the 
absence of growth factors results in increased apop- 
tosis, whereas proliferation does not change (Claes- 
son-Welsh et al. 1998). Recombinant human angio- 
statin is currently being tested in phase II clinical 
trials. 
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Table 12.2. Other endogenous inhibitors of angiogenesis 


Inhibitor 


molecule receptor 


Angiostatin Plasminogen ATP-synthase, 4 
annexin II, 
avf3-integrin, 
angiomotin 
aaATII Antithrombin NA 4 L 
Ill 
PF-4 = Interacts with 4 L 
heparin-linke 
GAGs on EC 
INF-o - NA J NA 
and -B 
IL-1B,-4 - NA J l 
-12 and -18 
2-ME Estradiol NA L 
Tetrahydro- Cortisone NA L NA 
cortisol 
16K PRL Prolactin NA L 
PEDF - NA L NA 
TIMP-2 - a3ßi integrin NA 
HRGP HRGP NA L L 
fragment 


Parent EC EC 


EC EC Indirect mechanisms of 

proliferation migration apoptosis action 

l T - 

NA NA - 

NA NA Prevents bFGF dimeriza- 
tion, inhibits bFGF, VEGF 
and EGF action 

NA T Reduces IL-8, modifies 
protease activity, reduces 
bFGF expression 

NA NA Multiple anti-angiogenic 
actions 

J T Reduces VEGF levels 
through HIF-10. 

NA NA Affects BM turnover 

NA T Inhibits VEGF action, 
modifies protease activity 

NA T - 

L NA Affects BM turnover 

J T - 


Abbreviations: EC, endothelial cell; NA, not assessed; BM, basement membrane; VEGF, vascular endothelial growth factor; bFGF, 
basic fibroblast growth factor; EGF, epidermal growth factor, GAG, glycosaminoglycan 


12.3.1.2 
Antithrombin lil 


A certain cleaved form of antithrombin III and the 
prothrombin kringle-2 domain have been shown 
to possess anti-angiogenic properties (Table 12.2) 
(Larsson et al. 2000; Lee et al. 1998; O'Reilly et al. 
1999). This form has been named anti-angiogenic 
antithrombin III (aaATIII) and affects EC prolif- 
eration (O'Reilly et al. 1999). In addition, the latent 
form of intact antithrombin, which is similar in 
conformation to the cleaved molecule, also inhib- 
its angiogenesis and tumor growth (O'Reilly et al. 


1999). aaATIII has potent anti-angiogenic and anti- 
tumor activity in several mouse models (Larsson 
et al. 2000; Lee et al. 1998; O'Reilly et al. 1999). 


12.3.1.3 
Platelet Factor-4 


Platelet factor-4 (PF-4) is a protein that can be re- 
leased from blood platelet a-granules during blood 
aggregation and which has been shown to have 
anti-angiogenic properties both in vitro and in 
vivo through its C-terminal heparin-binding do- 
main (Table 12.2) (Bikfalvi 2004; Maione et al. 1990). 


PF-4 has been shown to inhibit the dimerization of 
the angiogenesis stimulator fibroblast growth factor 
(FGF)-2 and to block its binding to ECs. PF-4 also 
binds proteoglycans and potentially through this 
mechanism growth factor activities. There are also 
reports that PF-4 activates cell surface receptors on 
ECs and induces inhibitory signals (Bikfalvi 2004). 
Modified PF-4 peptides have been generated and 
represent a new class of anti-angiogenic agents with 
a strong in vivo activity (Hagedorn et al. 2002). 


12.3.2 
Molecules of the Immune System with 
Anti-angiogenic Activity 


12.3.2.1 
Interferons 


The first described endogenous inhibitors of an- 
giogenesis were the interferons (IFNs), cytokines 
that are involved in the regulation of anti-viral, 
anti-tumor, apoptotic and cellular immune re- 
sponses. The effect on angiogenesis is the related 
to the presence or absence of the ELR domain, a 
structural/functional motif on the interferon mol- 
ecule. Both IFN-o and IFN-B have been shown to 
inhibit angiogenesis in mouse models in vivo by 
modulating the pro-angiogenic signals generated 
by tumor cells (Table 12.2) (Mitsuyasu 1991). In 
vitro the treatment of tumor cells with IFN-« leads 
to a drop in their secretion of interleukin-8 (IL-8), 
the major angiogenic factor produced by tumors 
(Lingen et al. 1998), This interferon also modifies 
the activity and expression of several proteases, 
including MMP-9 (Ma et al. 2001), as well as the 
activity of urokinase-type plasminogen activator 
and plasminogen activator inhibitor-1 (Pepper et 
al. 1994). A further effect on angiogenesis is the 
downregulation of bFGF expression (Dinney et al. 
1998). Thus IFN-o is currently an established treat- 
ment for pulmonary, brain and other hemangio- 
mas, angioblastomas and giant cell tumors - all 
of which produce high levels of bFGF (Folkman 
2004). 
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12.3.2.2 
Interleukins 


Interleukins (ILs) are proteins produced by leu- 
kocytes that are involved in many cellular events, 
including angiogenesis. Many of the ILs have pro- 
angiogenic activity, such as IL-8, whereas others, 
e.g. IL-1B, IL-4, IL-12 and IL-18, have anti-angio- 
genic activity (Table 12.2) (Nyberg et al. 2005). 
IL-1B inhibits FGF-stimulated angiogenesis by an 
autocrine pathway (Cozzolino et al. 1990). IL-4 
inhibits bFGF-induced angiogenesis (Volpert et 
al. 1998). IL-12 and IL-18 are IFN-y-inducing cy- 
tokines with anti-angiogenic activity. Both treat- 
ment with IL-12 of mice with tumors and the 
increased IL-12 delivery through gene transfer 
resulted in decreased tumor growth (Morini et al. 
2004; Yao et al, 2000). The anti-angiogenic activ- 
ity of IL-12 is believed to be mediated through 
downstream chemokines (Yao et al. 2000). IL-18 
can prevent FGF-stimulated EC proliferation in 
vitro and in the corneal neovascularization assay 
in mice (Cao et al. 1999). 


12.3.3 
Hormones, Their Fragments and Metabolites 


12.3.3.1 
2-Methoxyestradiol 


2-Methoxyestradiol (2-ME) is an estradiol me- 
tabolite which inhibits the growth of many tumor 
cell lines and also has anti-angiogenic activity 
in vitro. In vivo, 2-ME has been shown to be a 
very effective inhibitor of tumor growth and an- 
giogenesis in numerous models (LaVallee et al. 
2002). 2-ME can bind to the colchicine-binding 
site of tubulin and inhibit superoxide dismutase 
enzymatic activity (Cushman et al. 1995; D'Amato 
et al. 1994). 2-ME has also been shown to destabi- 
lize microtubules, resulting in a block in nuclear 
accumulation and the activity of HIF-la, thus 
reducing VEGF levels (Table 12.2) (Mabjeesh 
et al. 2003). 
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12.3.3.2 
Tetrahydrocortisol 


Tetrahydrocortisol is the most potent of the natu- 
rally occurring anti-angiogenic steroids (Table 12.2) 
(Folkman and Ingber 1987). Tetrahydrocortisol is a 
metabolite of cortisone and can be found in the 
circulation and urine. The anti-angiogenic mecha- 
nism of action of tetrahydrocortisol is believed to 
be due to its ability to alter the BM turnover of the 
proliferating blood vessels (Folkman and Ingber 
1987). 


12.3.3.3 
Prolactin Fragment 


The hormone prolactin (PRL) is cleaved in many 
tissues to generate a 16-kDa (16 K) and a 8-kDa 
fragment (Ferrara et al. 1991). The generation of 
the 16 K PRL fragment has anti-angiogenic activ- 
ity, although the full-length PRL is pro-angiogenic 
(Table 12.2) (Corbacho et al. 2002; Struman et al. 
1999). The 16K PRL inhibits VEGF-induced acti- 
vation of Ras in ECs as well as interacting with 
the MAPK signaling pathway (D'Angelo et al. 1995, 
1999). The inhibition of the p38 MAPK/Statl/IRF-1 
pathway by 16 K PRL attenuates the iNOS/NO pro- 
duction in ECs (Lee et al. 2005). 


12.3.4 
Growth Factors and Other Miscellaneous 
Endogenous Inhibitors 


12.3.4.1 
PEDF 


Pigment epithelium-derived factor (PEDF) isa mem- 
ber of the serpin superfamily. PEDF is responsible 
for the avascularity of ocular compartments and it 
is one of the most potent endogenous inhibitors of 
angiogenesis (Table 12.2) (Bouck 2002; Volpert et 
al. 2002). It has been shown that under physiologic 
conditions PEDF counteracts the activities of VEGF, 
and thus a balance between these two molecules 
exist. This balance is central to the prevention of 


choroidal neovascularization (Duh et al. 2004). The 
anti-angiogenic activity of PEDF only targets prolif- 
erating vessels and its action is reversible. 

Overexpression of PEDF was found to signifi- 
cantly inhibit melanoma growth and vessel forma- 
tion in mice (Abe et al. 2004). PEDF also induces 
FasL-dependent apoptosis on both tumor cells and 
ECs. The anti-angiogenic activity of PEDF, both in 
vitro and in vivo, has been shown to be dependent 
on the induction of apoptosis through the induction 
of Fas and FasL (Volpert et al. 2002). 


12.3.4.2 
TIMP-2 


Tissue inhibitors of MMPs (TIMP) suppress the ac- 
tivity of MMPs and thus regulate the ECM turnover. 
Independent of their regulation of MMP activity, 
these proteins also directly affect cell growth, apop- 
tosis and differentiation (Baker et al. 2002; Jiang 
et al. 2002). TIMP-2 has been shown to inhibit EC 
proliferation in vitro and angiogenesis in vivo by 
binding to the o3Bl1-integrin on ECs (Table 12.2) 
(Nisato et al. 2005). 


12.3.4.3 
Fragment of HRGP 


The histidine-rich glycoprotein (HRGP) is a protein 
found in the circulation in relatively high concen- 
trations (1.5 pM), but with unknown function. Re- 
combinant HRGP has been shown to have potent 
anti-angiogenic properties in murine tumor models 
in vivo (Table 12.2) (Olsson et al. 2004). Treatment 
with HRGP resulted in increased apoptosis and re- 
duced proliferation of tumors implanted on mice. 
HRGP causes a rearrangement of focal adhesions 
and decreased attachment of ECs to vitronectin, 
leading to a decrease in EC migration. A fragment 
of HRPG, the 150-amino-acid His/Pro-rich domain, 
which can be released by spontaneous proteolysis, 
has been shown to mediate the anti-migratory ef- 
fect of HRPG (Olsson et al. 2004). The actual recep- 
tor of the HRPG fragment on the ECs is unknown. 
However, on the surface of FGF-2-activated ECs at 
least two binding sites for HPRG, tropomyosin and 


HSPGs have been identified. As the anti-angiogenic 
activity of HPRG in the Matrigel plug assay has been 
shown to be partially inhibited by soluble tropo- 
myosin, this molecule at least partially mediates 
the anti-angiogenic effects of HPRG (Olsson et al. 
2004). 


Genetic Evidence for the Therapeutic 
Effect of Modulating the Angiogenic 
Balance in Cancer 


The concept of the angiogenic balance states that 
there is a natural balance of pro-angiogenic and 
anti-angiogenic molecules in the body. This bal- 
ance dictates whether a new blood vessel will be 
formed (Folkman and Kalluri 2003; Kalluri 2003). 
In most circumstances the physiological balance 
is believed to be tilted towards anti-angiogenesis. 
However, in many pathological situations there is 
a shift towards pro-angiogenesis, which leads to 
the formation of pathological neovasculature. It is 
known from human autopsy materials that most of 
us have multiple areas with malignant cells in the 
body (Folkman and Kalluri 2004). However, only 
very few of these actually develop into a cancer. 
This phenomenon has been named ‘cancer with- 
out disease’ (Folkman and Kalluri 2004). Is the 
development of a cancer from a group of malig- 
nant cells due to a local and/or systemic shift from 
anti-angiogenesis to pro-angiogenesis? Do tumors 
grow quicker when the pro-angiogenic exceed the 
anti-angiogenic molecules? There are now several 
findings from genetically modified mouse strains 
that support this hypothesis. 

The most conclusive data to support this theory 
are found for the endogenous angiogenesis in- 
hibitor tumstatin. Mice with an inactivation of the 
gene for the &3-chain of type IV collagen, and thus 
also lacking tumstatin, display accelerated tumor 
growth associated with enhanced pathological an- 
giogenesis compared to wild-type mice (Hamanoet 
al. 2003). However, when such tumstatin-deficient 
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mice were given recombinant tumstatin so that they 
achieved normal physiological concentrations, the 
rate of tumor growth slowed down to normal (Ha- 
mano et al. 2003). The tumor-associated proteinase 
MMP-9 most efficiently cleaves tumstatin from the 
type IV collagen «3-chain (Hamano et al. 2003). In- 
terestingly, mice deficient of MMP-9 subsequently 
display decreased circulating levels of tumstatin 
and thus also accelerated tumor growth compared 
to wild-type mice (Hamano et al. 2003). It has also 
been shown that the lack of the tumstatin receptor 
B3-integrin leads to increased pathological angio- 
genesis and tumor growth (Reynolds etal. 2002). Al- 
though the lack of B3-integrin naturally influences 
the potential function of many other endogenous 
inhibitors of angiogenesis besides tumstatin, these 
results nevertheless provide evidence that a lack of 
tumstatin, the enzyme that activates it (MMP-9) or 
its functional receptor on ECs (f3-integrin) all lead 
to a shift in the angiogenic balance towards favor- 
ing increased tumor growth (Fig. 12.3) (Hamano et 
al. 2003; Reynolds et al. 2002). 

Further evidence for the notion that cancer is 
not growing at ceiling rate but is influenced by en- 
dogenous angiogenesis inhibitors is provided by 
the results from mice deficient of type XVIII col- 
lagen and thus also of endostatin (Sund et al. 2005). 
When tumors were implanted on these mice, in- 
creased growth and higher tumor vascularity was 
observed than for tumors implanted on wild-type 
litter mates (Sund et al. 2005). Interestingly, when 
tumors were implanted on mice that were geneti- 
cally altered to overexpress endostatin, reduced 
tumor growth and decreased vascularity of tumors 
were observed (Sund etal. 2005). These results show 
that the circulating levels of endostatin directly in- 
fluences the growth rate of the same tumor. 

Similar findings have also been shown for the 
thrombospondins. Tumors implanted on mice 
genetically deficient of TSP-1 grew faster and dis- 
played a higher vascular density than tumors on 
wild-type mice (Lawler et al. 2001). Increasing the 
levels of TSP-1 resulted in the opposite finding of 
reduced tumor angiogenesis (Streit et al. 1999). 
Mice deficient of the tumor suppressor gene p53 
are susceptible to spontaneous cancer develop- 


225 


226 = M.Sund and R. Kalluri 


Binding of tumstatin to 

B3 integrin leads to reduced 
cell proliferation and 
induction of apoptosis 


Fig. 12.3a,b. Genetic evidence for the importance of endogenous inhibitors of an- 
giogenesis. a Tumstatin is the NC] domain of the «3-chain of type IV collagen. This 
molecule can be cleaved from the type IV collagen trimer by the protease MMP-9 
and it exerts its anti-angiogenic effect via binding to B3-integrin on the EC surface. 
This binding leads to decreased EC proliferation and induction of apoptosis. b This 
anti-angiogenic effect was lost in mice genetically deficient of tumstatin, MMP-9 or 


A shift in the angiogenic 
balance in various genetically 
altered mouse strains 


Type IV collagen trimer 
MMP-9 


Tumstatin 


Integrin cell surface receptor 


B3-integrin. This indicates that there is an angiogenic balance that the endogenous 


inhibitors of angiogenesis maintain (Hamano et al. 2003) 


ment. Most interestingly, when the TSP1-deficient 
mice were crossed to the p53-deficient mice, de- 
creased survival due to an even greater increase in 
tumor growth was observed. This is probably due 
to a shift in the angiogenic balance towards pro- 
angiogenesis (Lawler et al. 2001). Mice deficient of 
TSP-2 also display significantly increased tumor 
vascularization (Hawighorst et al. 2001). However, 
increasing the circulating level of TSP-2 by inject- 
ing fibroblasts which overexpress this molecule re- 
sulted in an inhibition of tumor growth and angio- 
genesis in mice (Streit et al. 2002). 

Our laboratory has also shown that the angio- 
genic balance can be manipulated further by si- 
multaneously altering the levels of many different 
inhibitors (Sund et al. 2005) (Fig. 12.4). Thus tu- 
mors on endostatin-, tumstatin- or TSP-1-deficient 
mice grow 2-3 times faster than on wild-type mice. 
However, if the host is deficient of both tumstatin 
and TSP-1, the tumors grow 4-6 times faster than 
those implanted on wild-type mice (Sund et al. 
2005), Thus there is evidence from genetic stud- 
ies that combining multiple anti-angiogenic ap- 
proaches will have a cumulative effect on tumor 
growth. 


5. 


Concluding Remarks 


Endogenous stimulators and matrix-derived in- 
hibitors of angiogenesis are molecules that are 
naturally produced and circulate in the body. These 
molecules are important in maintaining the an- 
giogenic balance that influences the rate of new 
blood vessel formation in both the physiological 
and the pathological context. The development of 
a few malignant cells into invasive carcinomas is 
likely to be partly driven by a shift towards in- 
creased angiogenetic potential. This shift can be 
due to both an increase in angiogenic factors, such 
as VEGF, or decrease in the levels of endogenous 
inhibitors of angiogenesis, such as tumstatin and 
endostatin. Most likely this is a process influenced 
by oncogenes and tumor suppressor genes. Many 
of the matrix-derived endogenous angiogenesis 
inhibitors are products from the ECM degradome 
released by tumor-associated proteolytic enzymes 
or are molecules sequestered pericellularly in the 
ECM. The availability of these inhibitors is dic- 
tated by the activity of the releasing enzymes and 


Fig. 12.4. Manipulation of the angio- 
genic balance alters the growth rate 

of tumors. B16F10 mouse melanoma 
cells were implanted on normal wild- 
type mice (black), mice overexpressing 
endostatin (green), mice missing either 
endostatin, tumstatin or TSP-1 (red) as 
well as mice deficient of both tumsta- 
tin and TSP-1 (orange). In mice with 
overexpression of endostatin reduced 
tumor growth rates could be observed, 
indicating that the angiogenic balance 
had shifted towards anti-angiogenesis 
compared to the wild-type mice. In the 
mice deficient of the various anti-an- 
giogenic molecules the opposite could 
we observed, tumors grew faster when 
compared to wild-type mice due to a 
shift towards pro-angiogenesis (Sund 
et al. 2005) 


Tumor growth rate 


thus this activity also indirectly is of importance 
in maintaining the angiogenic balance. This also 
is the case for many of the non-matrix-derived en- 
dogenous inhibitors of angiogenesis that need to be 
modified or released by proteolysis before activity. 
There is now considerable genetic evidence for the 
importance of the angiogenic balance in the con- 
text of tumor growth and vascularization. Many 
of the endogenous inhibitors are currently in the 
process of clinical trials for consideration as future 
cancer therapeutics. 
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Abstract 


Thrombospondins (TSPs) include a mul- 
timeric family of secreted glycoproteins 
broadly expressed by several cells and tis- 
sues. They have been shown to support cell 
attachment through interactions with mul- 
tiple cell-adhesion receptors, bind to other 
extracellular matrix proteins, and regulate 
cell shape, adhesion and migration. At the 
tissue level, TSPs have been implicated in 
the regulation of several complex processes, 
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including angiogenesis and wound heal- 
ing. More recently, some TSPs have been 
associated with genetic predisposition for 
myocardial infarction and vascular disease 
through genome-wide scans and SNP stud- 
ies. In this chapter, we summarize the cur- 
rent information on the biology of TSPs, 
focusing more directly on the angioregula- 
tory roles of TSP1 and -2. We will further 
discuss the most recent genetic and bio- 
chemical advances and their therapeutic 
exploration. 


Thrombospondins: 
Structure, Synthesis and Degradation 


The first and prototypical member of the thrombo- 
spondin (TSP) family, TSP1, was discovered using 
biochemical techniques and reported as a high- 
molecular-weight glycoprotein present in platelets 
(Lawler et al. 1978), The other four members of 
the family were identified because of the quick 
advances incloningand were subsequently reported 
in the early to middle 1990s, The link between the 
five members of the TSP family relies more specifi- 
cally on their structure than on their overall amino 
acid similarities. The multidomain organization 
of the TSP1 and -2 -includes five basic domains 
that comprise, from amino- to carboxyl-terminal: 
(a) an amino-terminal heparin-binding domain, 
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(b) the procollagen or von Willebrand’s factor re- 
gion, (c) three type Lor properdin repeats, (d) three 
type Il or EGF-like repeats, (e) seven type III or 
Ca?*binding domains and (f) a carboxyl-terminal 
cell-binding domain. The other three TSPs (3-5) 
lack many of the amino-terminal domains, specifi- 
cally the heparin-binding region, the procollagen 
region and the properdin repeats (Fig. 13.1). Due 
to these differences, the five TSP proteins have 
been further classified into two main subgroups. 
Subgroup A includes the long TSPs 1 and 2 that 
are organized as homotrimers, while TSPs 3-5 
comprise subgroup B and are organized as pen- 
tamers (Adams and Lawler 2004). Several studies 
have stressed the relevance of oligomerization for 
specific properties displayed by the different TSP 
proteins. For example, the trimeric structure of 
TSP1 and -2 is essential for cell spreading and 
fascin spike organization (Anilkumar et al. 2002). 
Overall, the structure of all TSPs resembles a bou- 
quet of flowers in which the coiled-coil domain 
located in the amino-terminal portion provides 
the link between the three arms of subgroup A 
and the five arms of each protein in subgroup B. 
This structure most likely offers the opportunity 
to create multivalent interactions of the carboxyl- 
terminal domain with cell-surface receptors, while 


HBD Oligó proColl Type! Type ll 
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other areas of the protein can interact with matrix 
proteins. 

Although the structural differences for each of 
the TSP proteins impact their overall functional 
properties, ie., the anti-angiogenic features are 
specific to TSP! and -2, all of the TSPs share some 
fundamental cellular themes. For example, all five 
TSPs have been shown to support cell attachment 
in a calcium-dependent manner and interact with 
many other extracellular matrix glycoproteins and 
proteoglycans. 

The regulation of TSP synthesis has been most 
studied for TSP1 and -2. One of the first features 
identified in the TSP1 promoter was the presence 
of a serum-responsive element; thus, most cells in 
culture express high levels of TSP1. The biologi- 
cal relevance of this expression, however, should 
be interpreted with caution, as in vivo, expression 
of TSP1 is relatively low in most uninjured tissues, 
except for the ovary and bone marrow. In contrast, 
during pathological/repair settings, TSP1 is rapidly 
and robustly induced. This has been demonstrated 
ina variety of cancers, wound healing, arthritis, and 
endometrial repair following menstruation (Alvarez 
et al. 2001; Arbeille et al. 1991; Bertin et al. 1997; Iru- 
ela-Arispe et al. 1996). Thus, it is not surprising to 
note that TSP1 is upregulated after exposure to sev- 
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Fig. 13.1. The thrombospondin family. The five members of the TSP family are subdivided into subclass A, which comprises 
TSP] and -2, and subclass B, which includes TSP3, -4, and -5. The structural domain organization of TSP! and -2 is identi- 
cal and comprises a heparin binding domain (HBD), an oligomerization region (Oligo), a procollagen domain (proColl), 
three type | (properdin or TSR) domains, three type II (or EGF) domains, seven type III (or calcium-binding) repeats and a 
carboxyl-terminal domain (CBD). The other TSPs lack amino-terminal domains, such as proColl and TSR repeats 


eral growth factors in vitro, including PDGF, FGF- 
2, TGF-beta, KGF and TNF-alpha, heat shock and 
hypoxia (Adams and Tucker 2000). 

Like many other matrix proteins, TSP1 is modi- 
fied in the extracellular environment by proteoly- 
sis. In fact, intact TSP] can be detected in vivo only 
when isolated from platelet alpha-granules. Purifi- 
cation of TSP1 from tissue has indicated that extra- 
cellular processing events are multiple and, in some 
cases, tissue-specific. This information underscores 
the relevance of understanding extracellular prote- 
olysis to the functional properties of this protein. 
Thus far, TSP1 has been shown to be cleaved by 
thrombin, factor XIIIa, cathepsin, and elastase (Ad- 
ams and Tucker 2000; Hogg 1994). However, there 
is very little information as to the biological signifi- 
cance of these fragments. While the tendency is to 
assume that cleavage equals degradation, a large 
body of evidence is now demonstrating that when it 
comes to extracellular matrix proteins, processing 
can generate a pool of polypeptides with functions 
that either enhance, nullify, or modify the contri- 
bution of these proteins to specific biological pro- 
cesses (Lopez-Otin and Overall 2002; Overall and 
Lopez-Otin 2002). 


Functional Properties 


TSP] and -2 act at the cell-matrix interface to pro- 
vide contextual cues important in matrix assembly 
and cell function. Thus, they appear to coordinate 
cell-matrix cross-talk. The regulation of matrix 
structure occurs via its ability to bind directly 
to fibronectin, fibrin and fibrillar collagens and 
by modulating MMP and plasmin activities. As 
this coordination of extracellular proteins takes 
place, TSPs also convey migratory, proliferative, 
apoptotic and/or adhesive signals to cells. This 
sophistication of cellular regulation, as well as ma- 
trix coordination has prompted the classification of 
TSPs as matricellular proteins (Bornstein 2000), a 
term that encompasses the ability of these proteins 
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to serve as molecular bridges between the extracel- 
lular matrix and the cell surface. This has been 
most clearly demonstrated during wound healing, 
where TSPs act temporally and spatially to transmit 
signals that trigger specific cellular responses in 
the wound. A major function of TSP in this regard 
has been its ability to regulate cell adhesion. None- 
theless, TSP1 also participates in platelet aggrega- 
tion, inflammatory response and regulation of an- 
giogenesis during both wound healing and tumor 
growth. In many cases, some of these functions 
are shared with its closest relative, TSP2. This is 
not surprising given the similarities between their 
structures. 

In addition to their well-known roles during de- 
velopment, TSPs also fulfill important functions in 
the homeostasis of several tissues, and loss of these 
proteins results in deleterious effects to a number 
of organs, including lung, skin, blood vessels and 
bone. The specific functions attributed to TSP1 and 
-2 are discussed below. 


13.2.1 
The Link Between Function and Expression 


Although it is easy to think of TSP] and TSP2 to- 
gether due to their structural resemblance, it is criti- 
cal to keep in mind that these proteins display almost 
exclusive patterns of expression during development 
and in the adult. TSP1 expression is frequently as- 
sociated with epithelial/endothelial tissues, in con- 
trast to the more stromal/mesenchymal nature of 
TSP2 (Iruela-Arispe et al. 1993, 1996; Kyriakides et 
al. 1998). The regulation of both promoters is also 
notably different. TSP1 is rapidly induced by injury 
and inflammatory mediators (Bornstein 1992, 2000, 
2001; Chen et al. 2000). In contrast, expression of 
TSP2 does not seem to be affected by the same cohort 
of inflammatory cytokines (Bornstein et al. 2000; 
Chen et al. 2000). Interestingly, both proteins have 
been shown to inhibit angiogenesis in vivo and in 
vitro (Armstrong and Bornstein 2003; Lawler and 
Detmar 2004). 


235 


236 


N. V. Lee and M. L. [ruela-Arispe 


13.2.2 
The Prototypical Endogenous Angiogenesis 
Inhibitor 


The anti-angiogenic properties of TSP1 were first 
described by Bouck and colleagues in a search for 
proteins upregulated by tumor suppressor genes 
(Good et al. 1990; Polverini 1996). Since then, the 
angiostatic/angiotoxic effects of TSP1 have been 
well documented using a large spectrum of assays 
and models (Canfield and Schor 1995; Doll et al. 
2001; Iruela-Arispe et al. 1991, 1999; Sheibani et al. 
1997; Taraboletti et al. 1997; Tolsma et al. 1993). In 
addition, the sum of genetic manipulations that 
result in TSP1 overexpression using tissue-specific 
promoters strongly supports the participation of 
this protein in the regulation of vascular growth 
and vessel diameter. Specifically, two transgenic 
overexpression studies using the K14 promoter to 
drive TSP] in the skin (Hawighorst et al. 2002; Streit 
et al. 2000) and the MMTV promoter to target TSP1 
expression to the mammary epithelium (Rodriguez- 
Manzaneque et al. 2001) support a role for this pro- 
tein in the regulation of vascular morphogenesis in 
vivo. Combined, these studies argue for the contri- 
bution of TSP1 in the regulation of vascular growth 
in whole-animal settings during normal and patho- 
logical conditions. The studies also support the con- 
cept that TSP1 is a pleiotropic regulator of vascular 
morphogenesis, with roles far more elaborate than 
restricting the number of available endothelial cells 
through regulation of apoptosis. Particularly, both 
studies showed that TSP] modulates the size of vas- 
cular channels. These functions are also shared by 
TSP2 (Lawler and Detmar 2004). 

Loss-of-function studies also support a direct 
role for TSP1 and -2 in the regulation of angiogen- 
esis during tumor expansion. Tumor progression is 
greatly accelerated in mice that are null for TSP] and 
also have one of the following genetic profiles: p53-- 
, APCMin/* or amplification of neu/erbB2 oncogene 
(Gutierrez et al. 2003; Lawler et al. 2001; Rodriguez- 
Manzaneque et al. 2001). Furthermore, the survival 
of p53-null and p53-heterozygous mice is reduced in 
the absence of TSP1 (Lawler et al. 2001). 


In addition to their effects on genetically induced 
models of cancer, TSP1 and -2 have also been shown 
to accelerate tumor progression in chemically in- 
duced models. For example, frequency of tumor le- 
sions, degree of malignancy, and lymph node metas- 
tasis was greater in TSP2-deficient mice (Hawighorst 
et al. 2001). 

Of direct importance to angiogenesis, TSP1 is 
down-regulated by a significant and impressive 
pool of oncogenes, including c-fos, c-jun, v-src, Ras 
and myc (Mettouchi et al. 1994; Watnick et al. 2003). 
This explains the marked reduction in TSP1 tran- 
script levels noted in all carcinomas examined. The 
reduction in TSP facilitates angiogenic progression 
and tumor expansion. Interestingly, tumors are fre- 
quently contained by the high TSP1 and -2 response 
mounted by the host stroma at the interface between 
the tumor and the normal tissue. This response is 
not present in TSP1- and -2-deficient mice, provid- 
ing an explanation of the rampant growth observed 
in all the experimental tumors examined. 

The mechanism developed by tumors to suppress 
TSP1 expression has been more clearly documented 
for Ras (Watnick et al. 2003). In these tumors, high 
levels of oncogenic Ras lead to hyperactivation of 
PI3 kinase/Rho that, when combined with myc mu- 
tation, results in a drastic reduction of TSP1 mRNA. 
The mechanisms behind myc-mediated suppression 
of TSP1 are complex and appear to rely more on the 
increase of mRNA turnover than in the suppres- 
sion of transcription (Janz et al. 2000). In addition 
to these events, epigenic suppression of TSP! has 
also been described in human neuroblastoma (Yang 
et al. 2003). Here, loss of TSP1 has been associated 
with methylation of CpG islands located in the 
5’ region of the TSP1 gene. 

A large number of preclinical studies have been 
performed with TSP1 protein, protein fragments 
or peptide mimetics. The efficacy of TSP1 has been 
scrutinized in a large array of tumor types, either 
as xenografts or as endogenous transgenic tumors. 
For example, systemic exposure of tumor-bearing 
mice to TSP1 protein or peptides has been shown to 
inhibit tumor growth (Guo et al. 1997a). Combina- 
tion therapy with TSP1 has revealed impressive out- 
comes. For example, a combination of radiotherapy 


and exogenous TSP1 prevents the growth of dormant 
micrometastases from grafted human melanomas 
(Rofstad et al. 2003). Other groups have documented 
similar findings with short peptides based on the se- 
quence located in the TSR of TSP1 (Vailhe and Feige 
2003). More recently, clinical trials have been initi- 
ated with similar peptides, and their outcome will 
shortly be revealed. 


13.2.2.1 
Structure-Function Studies 


The anti-angiogenic domain in TSP1 and TSP2 has 
been mapped to the type I (TSR or properdin) re- 
peats present in both TSP1 and -2, but absent from 
TSP3-5 (Guo et al. 1997b; Iruela-Arispe et al. 1999; 
Jimenez et al. 2000; Shafiee et al. 2000; Tolsma et al. 
1993, 1997). This structural feature has explained the 
functional differences, i.e., anti-angiogenic proper- 
ties, between subgroups A and B in the TSP family. 

Interestingly, presence of the TSR domain is not 
unique to TSP1 or -2. In fact, TSR domains have been 
found in a large number of proteins and this has 
been used to link these proteins into another group 
called the thrombospondin repeat (TSR) super- 
family. Most of the proteins in this family have been 
included based on sequence analysis; a few have 
been also evaluated functionally to determine their 
potential anti-angiogenic effects (Iruela-Arispe et al. 
2004) and other actions. Interestingly, some of these 
proteins have been shown to play important roles in 
cell-cell and cell-matrix interactions (TRAP, pro- 
perdin and BAI), neuronal guidance (F-spondin, 
SCO-spondin, and semaphorins) and extracellular 
proteolysis (ADAMTS family) (for a review on this 
subject see Tucker 2004). A blast search shows that 
there are 187 TSRs in the human genome, distributed 
in 41 different human proteins (Tan et al. 2002a,b). 
Interestingly, TSRs are also found in Drosophila 
(a total of 45 in 14 proteins) and in Caenorhabditis 
elegans (total 90 in 27 proteins). 

Structurally, the type I repeats display a rather 
unique antiparallel three-stranded structure. The 
first strand (the A strand) is irregular, but the other 
two strands (B and C) havea beta structure. The loop 
located between the B strand and the C strand has 
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two prominent “handles” that appear to be stabi- 
lized by hydrogen bonds between the glutamic acid 
residue and the first tryptophan in the A strand, but 
the other polar residues of all of the conserved tryp- 
tophans are exposed to ligands. The analysis of TSR 
structure has contributed to our understanding of 
some of the experimental observations initiated by 
empirical means. For instance, two of the peptides 
known to block angiogenesis in vivo and in vitro 
have been mapped to the exposed sequences on the 
A and B strands, while some nonreproducible data 
from a peptide reported to block CD36 correspond 
to the AV loop that was found to be O-fucosylated 
and involved in disulfide bonding. The information 
from these structural studies have helped guide the 
development of a new generation of therapeutic re- 
agents aiming at suppressing vascular growth. This 
information is yet to become available to the sci- 
entific community at large, but it has engendered a 
lot of excitement in meetings related to this field of 
study. 

Functionally, the TSR repeats in TSP1 and -2 have 
been shown to bind to CD36 and to support attach- 
ment of multiple cell types. However as it relates 
to suppression of angiogenesis, TSR functions in a 
multifaceted mode that so far is known to include: 
(1) induction of endothelial cell apoptosis; (2) in- 
hibition of endothelial cell migration; (3) direct 
interaction with growth factors; and (4) regulation 
of extracellular enzymatic activity. The effects of 
TSP1 on endothelial cell apoptosis are reportedly 
mediated by CD36, a cell surface receptor located 
on endothelial cells, monocytes, platelets and endo- 
thelial cells. A series of studies using mice null for 
CD36, c-jun, and fyn have shown that all these are 
required for the induction of endothelial cell apop- 
tosis triggered by TSP] (Jimenez et al. 2000; Arm- 
strong and Bornstein 2003). The downstream effec- 
tors include caspase 3 and p38 (Jimenez et al. 2000). 
Furthermore, TSP1 downregulates several survival 
pathways (Armstrong and Bornstein 2003). The ef- 
fect of TSP1 on migration has not been explored in 
great detail, but may relate to its ability to suppress 
adhesion and modify the cytoskeleton. Binding of 
TSP1 to growth factors has been a typical property 
of this protein. TSP1 has been shown to bind and 
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activate TGF-beta (Murphy-Ulirich and Poczatek 
2000; Young and Murphy-Ullrich 2004), and to bind 
and to suppress the functional properties of VEGF 
and FGF-2 (Gupta et al. 1999). The regulation of 
extracellular enzymatic activity by TSP1 has been 
known for more than a decade, but its biological 
significance was only recently appreciated. TSP1 is 
an inhibitor of plasmin, uPA, neutrophil elastase, 
matrix metalloproteinase (MMP)2 and MMP9 
(Anonick et al. 1993). The anticipated biological 
implications associated with these effects are mul- 
tiple but, again, contextual. Experimentally, we have 
shown that TSP1 can inhibit activation of pro-MMP9 
by MMP3 and therefore restrict the availability of 
active MMP9. In turn, lack of active MMP9 prevents 
the release of VEGF from the extracellular matrix 
influencing angiogenesis and tumor progression 
(Rodriguez-Manzaneque et al. 2001). 

Clearly, the vast body of experimental support for 
an anti-angiogenic role of TSP1 has propelled interest 
in the development of therapeutic strategies aimed 
at exploiting this function in cancer. In all fairness, 
however, a few studies have also proposed a pro-an- 
giogenic role for TSP1 under some experimental con- 
ditions (de Fraipont et al. 2001). The pro-angiogenic 
effect has been attributed to either the presentation 
of the protein (bound versus soluble) and/or to the 
ability of this protein to mediate the recruitment and 
migration of smooth muscle and inflammatory cells 
that release pro-angiogenic factors. While this con- 
troversy is yet to be resolved, the overwhelming evi- 
dence for a vasculosuppressive role has been the ma- 
jor force behind the pursuit of clinical trials, which 
have now advanced to phase III, supporting the suc- 
cess ofa TSP therapy. Returning to the issue of bound 
versus soluble, it has been well recognized that the 
amino-terminal region of TSP1, also known as the 
heparin-binding domain, conveys opposite signals to 
cells depending on its soluble or bound status. Thus, 
when soluble this region is de-adhesive, while when 
it is immobilized it can support cellular adhesion to 
a variable extent (Ferrari do Outeiro-Bernstein et al. 
2002). The valency of this domain also contributes to 
its effects on cells. When presented as a monomer this 
region inhibits basal and FGF2-induced chemotaxis, 
but as a trimer it stimulates chemotaxis (Calzada et 


al. 2003). One explanation is that depending on its 
form, this region might be able to ligate multiple and/ 
or a different array of receptors; convey altered affin- 
ity, and/or alter uptake and receptor turnover. While 
the mechanistic details behind these effects are yet to 
be understood, it is important to stress that presen- 
tation and monomeric/trimeric status can translate 
into different cellular effects. 


13.2.3 
TSP Function in Wound Healing 


Tissue damage is almost always associated with 
bleeding and the formation of a hemostatic plug, 
which provides a means to prevent excessive blood 
loss and enables the formation of provisional ma- 
trix in which cell repair will be initiated (Fig. 13.2). 
Degranulation of platelets mediates the release 
of growth factors and adhesive proteins that fa- 
cilitate an inflammatory response and stimulate 
the proliferation of fibroblasts and keratinocytes. 
Along with growth factors, TSP] also becomes 
incorporated in the hemostatic plug and in the 
provisional matrix that expands into the dermis. 
The presence of TSP1 facilitates the formation 
of a multiprotein complex through its ability to 
bind to fibronectin and fibrin. This fibrin-fibro- 
nectin-TSP1 provisional matrix acts as a frame- 
work that facilitates and stimulates cell adhesion 
and migration. Furthermore, TSP1 is quickly up- 
regulated and secreted by the fibroblasts associ- 
ated with the wound. The kinetics of this process 
have been carefully evaluated and shown to be dy- 
namic, with high levels of TSP1 during the first day 
post-wound and decreasing thereafter to almost 
negligible transcript levels by day 4 post-wound 
(Reed et al. 1995). TSP2 is also secreted by the 
dermal fibroblasts, but with slower kinetics (Reed 
etal. 1993). The biological relevance of this upregu- 
lation is still under study; however, considering the 
properties of TSP1 and -2 in matrix assembly; the 
central speculation is that these proteins directly 
participate in the reorganization of the wounded 
matrix. Furthermore, the presence of TSP delays 
a rampant angiogenic response and enables the 
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Fig. 13.2, Schematic representation of the molecular processes associated with dermal wound healing. Dermal repair re- 
quires growth of blood vessels in a manner similar to that stimulated by a tumor. The fibrin clot, located in the epidermis 
and dermis, contains growth factors released from the activated platelets during coagulation. The gradient of FGF and VEGF 
stimulates growth of blood vessels from pre-existent vessels. The process, however, is regulated by the presence of TSP] and 


TSP2 in the extracellular environment 


organization of capillary growth in a more orderly 
fashion, less permeable and with thinner diam- 
eters. The experimental support for these conclu- 
sions comes from the evaluation of wound-healing 
events in TSP1- and TSP2-null mice, as well as in 
K14-TSP1-/TSP2-overexpressing mice. 

Of paramount relevance during wound heal- 
ing is the contribution of TSP1 to the activation of 
TGF-beta. The effect has been mapped to a tripep- 
tide (RFK) that is located in the type I repeats of 
TSP1 but not present in TSP2 (Schultz-Cherry et al. 
1995). 

Furthermore, a clear understanding of TSP1 bi- 
ology during wound healing, has to take into con- 
sideration processing and proteolysis. Particularly 
in this biological scenario, it is extremely likely 
that TSP1 undergoes multiple, time- and space- 
restricted proteolytic events with impact on its 
biological properties. While much has been done 


to understand the kinetics of TSP1 expression and 
its spatial distribution in relation to tissue-healing 
progression, less is known about the spectrum of 
polypeptides released upon TSP1 exposure to ex- 
tracellular proteases and its potential biological 
functions. Some of the enzymes that cleave TSP1 
have been already discussed; nonetheless, to date, 
no in vivo experimentation has addressed this 
question directly. 

The role of TSP2 in matrix assembly and wound 
healing was more clearly elucidated by studies in 
the TSP2-null mouse (Kyriakides et al. 1998). Lack 
of TSP2 results in altered collagen fibrillogenesis 
with consequences for matrix organization, vas- 
cularization and tissue repair. A more in-depth 
analysis of this phenotype revealed that TSP2 
binds MMP2 and suppresses its catalytic proper- 
ties (Yang et al. 2000). Fibroblasts that lack TSP2 
showed adhesion and spreading defects in vitro, a 
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phenotype that is explained by the excess of MMP2 
in those cultures (Yang et al. 2000). These findings 
were further confirmed in the TSP2-null mouse 
and explain the wound-healing defects, as well as 
the hemorrhages in the dermis of these mice (Yang 
et al. 2001). 

Combined, the studies of TSP1 and -2 during 
wound healing have revealed their potential for 
acceleration of wound repair and minimization of 
scar tissue (Bornstein et al. 2004). At the moment, 
there are no clinical applications for TSP-derived 
therapies aimed at wound healing. The reasons 
are the multiple contextual functions displayed by 
these proteins and the difficulty in determining 
precisely when and where would they be beneficial. 
As the molecular nuances of TSP1 biology begin to 
unravel, its exploitation in therapies aiming at tis- 
sue repair will most likely flourish. 


13.2.4 
Additional Functions Revealed in Genetically 
Modified Mice and SNP Studies 


Similarly to many other proteins, the inactivation 
of TSP1 and -2 in mice has revealed some unpre- 
dicted physiological activities performed by these 
proteins (Kyriakides et al. 1999; Lawler et al. 1998). 
TSP1-null mice develop and breed normally; how- 
ever, they show some degree of embryonic lethality 
(25-35%) for reasons that are yet to be understood. 
They also have a mild defect in wound healing, 
which is exacerbated in TSP1” TSP2’ mice (Agah 
et al. 2002). In addition, TSP1-null mice display 
mild skeletal defects, most noticeable in the spi- 
nal cord, and they have increased susceptibility to 
pneumonia and inflammation (Lawler et al. 1998). 
The pulmonary findings were unexpected and 
revealed a previously unknown role for TSP1 inlung 
homeostasis. It is likely that the mechanism behind 
this effect relates to the role of TSP1 in TGF-beta 
activation (Crawford et al. 1998a,b; Schultz-Cherry 
and Murphy-Ullrich 1993). In fact, some of the 
effects can be significantly diminished by deliv- 
ery of TGF-beta-activating TSP1 peptide (Crawford 
et al. 1998b). Another unexpected finding in the 


TSPi-null mouse was hyperplasia of pancreatic is- 
lands, indicating that TSP1 is a pleiotropic growth 
regulator of epithelial expansion (Lawler et al. 
1998). Again, reconstitution of the TGF-beta acti- 
vation activity using TSP1 peptides reversed this 
pathology (Crawford et al. 1998b). However, the 
skeletal defects and the wound-healing problems 
were not reduced by the inclusion of this peptide. 
Together, the findings revealed that some, but not 
all, of the phenotypes displayed by TSP1 were 
linked to TGF-beta (Crawford et al. 1998b). 

Added to its contribution as an anti-angiogenic 
modulator, TSP2 has complex and important roles 
in the assembly of connective tissue and extracel- 
lular matrix that were only uncovered through 
studies in the TSP2-null mouse (for review see 
Lawler 2000). 

In addition to the functions discussed above, 
TSP1, -2 and -4 have been identified as novel risk 
factors for familial premature myocardial infarc- 
tion by analysis ofa series of single-nucleotide poly- 
morphisms (SNPs) (Topol et al. 2001). The initial 
findings have been corroborated by two subsequent 
studies that yielded similar outcomes. Because of 
the important implications of these studies, we will 
discuss them more in depth. The study conducted 
by Topol and colleagues was quite rigorous: genetic 
association was considered only in high-frequency 
(>5%) SNPs. Criteria for the patient population in- 
cluded at least one affected sibling with history of 
premature (males, <45 years old; females, <50 years 
old) coronary artery disease, which was defined as 
myocardial infarction (54% of patients), percuta- 
neous coronary intervention, or stenosis (70%) of 
a major epicardial artery by angiography. The con- 
trol group consisted of 418 unselected Caucasian 
Americans; more importantly, it did not exclude 
individuals with coronary artery disease. Consid- 
ering this stringency, the study probably underes- 
timated the disease association of the test SNPs. In- 
terestingly, the three SNPs showing the highest and 
most significant association with the disease were 
all the members of the TSP family (1, 2 and 4). Fol- 
lowing this study, two additional large-scale SNP 
analysis have been reported with slightly different 
experimental approaches. The first was conducted 


in 909 unrelated myocardial infarction patients 
and then expanded to 2,819 myocardial infarction 
subjects and 2,244 controls evaluating 112 SNPs 
in 71 candidate genes (Yamada et al. 2002). In that 
study too, one of the TSP4 SNPs was highly cor- 
related with myocardial infarction in males. A 
following study of 3,085 unrelated subjects with 
coronary artery disease and 2,832 controls was an- 
alyzed, and there too the TSP4 polymorphism was 
found (Kato et al. 2003). 

Although substantial additional evidence is 
needed to fully understand the findings regarding 
the SNPs and the mechanisms of action, the results 
presented to date indicate marked effects of these 
SNPs on the structure and function of TSPs. Worth 
mentioning is the induction of TSP in atheroscle- 
rotic lesions (Riessen et al. 1998). Further support- 
ing these predictions, no coronary abnormality has 
been reported in the TSP1-null mouse (Crawford 
et al. 1998b; Lawler et al. 1998), which would sup- 
port a gain of function induced by the TSP SNPs, 
as proposed. Naturally, experiments to test this 
hypothesis would include the development of TSP1 
overexpressors and TSP4 mutants that mimic the 
SNPs shown by the human studies. 

Compared to TSP1 and -2, less is known about 
the functional properties displayed by the TSPs 
3, 4 and 5. TSP5, also known as COMP (cartilage 
oligomeric matrix protein), is mostly expressed 
in cartilage and has roles related to chondrocyte 
growth, survival and differentiation (reviewed in 
Unger and Hecht 2001). In fact, mutations in the 
coding region of TSP5 result in pseudoachondro- 
plastic dysplasia, a hereditary autosomal domi- 
nant disorder that result in a premature arrest 
of bone growth and laxity of joints (Merritt et al. 
2006). 


13.2.5 
Effects of TSPs at the Cellular Level 


As alluded to previously, all TSPs have been shown 
to support cell attachment and participate in the 
assembly of the extracellular matrix via their se- 
lective, but multiple interactions with other ma- 
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trix proteins. Depending on the cell type and on 
the specific family member, TSPs have been also 
implicated in cell migration and regulation of the 
cytoskeleton; cell growth and apoptosis; modula- 
tion of growth factors and protease function. Due 
to the myriad of effects, the specific role of TSPs in 
a particular biological process have been difficult 
to delineate with precision, as the specific context 
of matrix and growth factors can alter the outcome 
of TSP functions. 

Furthermore, the array of responses mediated 
by TSPs relies on the specific cohort of receptors 
present at the cell surface. The list of receptors 
identified for TSP] is extensive and cell-specific. 
They include: CD36 on monocytes, endothelial 
cells, epithelial cells and platelets (Vischer and 
Buddecke 1991); several integrins (Lawler and 
Hynes 1989; Lawler et al. 1988; Vischer 1990; 
Yabkowitz etal. 1993); integrin-associated protein 
(IAP or CD47) (Gao and Frazier 1994); and proteo- 
glycans (Adams 2001). Integrins that recognize 
TSP1 include alphallIb beta3 on platelets (Lawler 
and Hynes 1989), alpha4 betal in lymphocytes 
(Li et al. 2002), and alphaV beta3 (Lawler et al. 
1988), alpha3 betal (Krutzsch et al. 1999), and 
alpha6 betal (Calzada et al. 2003) on vascular 
cells. The beta3 integrins recognize TSP1 in an 
RGD-dependent manner, while the other integ- 
rins appear to interact with TSP1 through other 
regions. The different receptors are respon- 
sible for mediating distinct and even opposite 
cellular responses to TSP1. For example, TSP1 
mediates chemotaxis of smooth muscle cells 
through CD47 (Wang and Frazier 1998) and al- 
phaV beta3 (Patel et al. 1997). It promotes pro- 
liferation of smooth muscle cells through the 
same integrin. (Stouffer et al. 1998). In contrast; 
TSP1 induces apoptosis of fibroblasts and T cells 
via CD47 (Graf et al. 2002; Manna and Frazier 
2003) and apoptosis of endothelial cells via CD36 
(Jimenez et al. 2000). As can be concluded from 
the example above, the engagement of multiple 
receptors results in complex responses that, in 
several cases, are cell-specific. Thus, extrapola- 
tion of results from one cell type to the next is 
not an option when it comes to TSPs. 
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Also pertinent to their cellular function, levels 
of TSP1 and TSP2 are regulated by uptake through 
endocytosis followed by degradation in the lyso- 
somal compartment. Endocytosis is mediated by 
the low-density lipoprotein receptor in a complex 
with calreticulin, two additional TSP receptors 
(Godyna et al. 1995). Interestingly, from all of the 
receptors identified for TSP thus far, none is TSP1 
or -2 specific. These are all shared by a cohort of 
matrix proteins; consequently, the context, i.e., 
abundance of other matrix proteins, as well as rel- 
ative affinities, also play an important role in the 
specific response conveyed by TSP1. 

Finally, an important function attributed to 
TSP1 has been its ability to bind and sequester 
growth factors. For example, the 140-kDa car- 
boxyl-terminal domain of TSP1 binds FGF-2 and 
VEGF, blocking their respective effects on endo- 
thelial cells (Kanda et al. 1999). 


Emergent Themes for Future Research 


Our understanding of the biological functions of 
the TSP family of proteins has increased in a re- 
markable manner during the past 10 years. How- 
ever, the quest for the biological and molecular 
function of TSPs continues to grow. While the 
contribution made by the knockouts has been ex- 
tremely valuable, they have not answered all the 
questions. In particular, a detailed mechanistic 
understanding of TSP1 signaling remains elusive; 
while many receptors have been identified, the sum 
of their pathways towards a particular functional 
outcome is still unclear. Much work remains to be 
done to bring us closer to a more comprehensive 
knowledge of the cellular responses to TSP and 
enable future therapeutic exploration. 
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Abstract 


Heparanase is an endoglycosidase involved 
in cleavage of heparan sulfate and hence in 
degradation and remodeling of the basement 
membrane and extracellular matrix (ECM). 
Heparanase activity facilitates cell invasion 
associated with cancer metastasis, angiogen- 
esis, autoimmunity and inflammation. The 
enzyme is preferentially expressed in human 
tumors and its over-expression in tumor cells 
confers an invasive phenotype. Heparanase 
also releases angiogenic factors from the ECM 
and thereby induces an angiogenic response in 
vivo. Heparanase upregulation correlates with 
increased tumor vascularity and poor postop- 
erative survival of cancer patients. Moreover, 
heparanase levels in the urine and plasma of 
cancer patients often correlate with the sever- 
ity of the disease and response to anti-cancer 
treatments. These observations, the anti-can- 
cerous effect of heparanase gene silencing and 
of heparanase-inhibiting molecules, as well as 
the unexpected identification of a single func- 
tional heparanase, suggest that the enzymeisa 
valid target for anti-cancer drug development 
and a promising tumor marker. Heparanase 
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also exhibits non-enzymatic activities, stimu- 
lating, among other effects, cell adhesion, Akt 
signaling and P13K-dependent endothelial cell 
migration and invasion. It also promotes VEGF 
expression via the Src pathway and hence 
may activate endothelial cells and elicit an- 
giogenic and survival responses. Studies with 
heparanase over-expressing transgenic mice 
revealed that the enzyme functions in normal 
processes (i.e., wound healing) involving cell 
mobilization, HS turnover, tissue vascular- 
ization and remodeling. Inhibitors directed 
against domains critical for heparanase secre- 
tion and signaling, combined with inhibitors 
of heparanase enzymatic activity (i.e., non- 
anticoagulant glycol-split heparin) are being 
developed to halt tumor growth, angiogenesis 
and metastasis. In this review, we summarize 
the current status of heparanase’ research, 
emphasizing molecular and cellular aspects 
of the enzyme, including its mode of process- 
ing and activation, control of heparanase gene 
expression, cytoplasmic vs. nuclear localiza- 
tion, enzymatic and non-enzymatic functions, 
causal involvement in cancer metastasis and 
angiogenesis, and strategies for the develop- 
ment of heparanase inhibitors. 
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Introduction 


In a given organ, the cells normally occupy only a 
certain portion of the volume. A substantial part is 
filled with a network of macromolecules defined as 
extracellular matrix (ECM). The ECM is composed 
of a variety of proteins and polysaccharides secreted 
by the cells. Protein components are adhesive mol- 
ecules such as laminin, fibronectin and vitronectin, 
and structural molecules such as collagen and elastin. 
Heparan sulfate proteoglycans (HSPGs) are members 
of the glycosaminoglycan (GAG) family, a class of 
molecules that consists of unbranched, repeated di- 
saccharide units attached to a core protein. Hepa- 
ran sulfate glycosaminoglycans (HS) are abundant 
components of the ECM. By binding several major 
ECM constituents (i.e., laminin, fibronectin, collagen 
type IV), HS are thought to contribute significantly 
to ECM self-assembly and integrity. HS also tether a 
multitude of growth factors, chemokines, cytokines 
and enzymes to the ECM and cell surface, provid- 
ing a low-affinity storage depot (Bernfield et al. 1999; 
Folkman et al. 1988; Vlodavsky et al. 1987). Cleavage 
of HS side chains is expected not only to alter the 
integrity of the ECM, but also to release HS-bound 
biological mediators. In addition, HS fragments are 
also capable of modulating the activity of growth fac- 
tors such as bFGF and enzymes such as thrombin. 
The ECM provides an essential physical barrier be- 
tween cells and tissues, as well as a scaffold for cell 
growth, migration, differentiation and survival, and 
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undergoes continuous remodeling during develop- 
ment and in certain pathological conditions such as 
wound healing and cancer (Fata et al. 2004). ECM- 
remodeling enzymes are thus expected to profoundly 
affect cell and tissue function. While intensive re- 
search focused on enzymes capable of degrading and 
remodeling protein components in the ECM (Vu and 
Werb 2000; Werb 1997), less attention was paid to 
enzymes cleaving GAG side chains. Heparanase is 
an endo-B-D-glucuronidase capable of cleaving HS 
side chains at a limited number of sites, yielding HS 
fragments of still appreciable size (~5-7 kDa) (Free- 
man and Parish 1998; Pikas et al. 1998; Vlodavsky 
and Goldshmidt 2001). Heparanase activity has long 
been detected in a number of cell types and tissues. 
Importantly, heparanase activity correlated with the 
metastatic potential of tumor-derived cells; this was 
attributed to enhanced cell dissemination as a con- 
sequence of HS cleavage and remodeling of the ECM 
barrier (Parish et al. 2001; Viodavsky and Friedmann 
2001). Similarly, heparanase activity was implicated 
in neovascularization, inflammation and autoimmu- 
nity, involving migration of vascular endothelial cells 
and activated cells of the immune system (Dempsey et 
al. 2000; Parish et al. 2001; Viodavsky and Friedmann 
2001). In spite of the attractive clinical relevance of 
the pro-metastatic, pro-inflammatory and pro-an- 
giogenic activities of heparanase, progress in the field 
was slow, largely due to the lack of a simple bioassay 
to quantitative heparanase activity and the low abun- 
dance of the enzyme. Heparanase activity was attrib- 
uted to proteins with molecular weights ranging from 
8 to 130 kDa, raising the possible existence of several 


HS-degrading endoglycosidic enzymes (Dempsey et 
al. 2000; Parish et al. 2001; Viodavsky and Friedmann 
2001). This confusion was solved when the cloning 
of a single human heparanase cDNA sequence was 
independently reported by several groups (Hulett 
et al. 1999; Kussie et al. 1999; Toyoshima and 
Nakajima 1999; Vlodavsky et al. 1999). With the 
availability of appropriate reagents (i.e., molecular 
probes, antibodies, recombinant enzymes) hepa- 
ranase research entered a new era. Recent studies 
have shown that heparanase is upregulated in an 
increasing number of primary human tumors (see 
below). Heparanase upregulation was correlated 
with increased lymph node and distant metastasis, 
greater micro-vessel density, and reduced postopera- 
tive survival of cancer patients (see below), provid- 
ing a strong clinical support for the pro-metastatic 
and pro-angiogenic features of the enzyme. Here, 
we summarize recent progress in molecular and cel- 
lular aspects of heparanase, emphasizing its causal 
involvement in cancer metastasis and angiogenesis, 
and discuss novel strategies for the development of 
heparanase inhibitors. Notably, heparanase activity 
liberates short HS fragments that may exert multiple 
effects of their own. This aspect has been reviewed by 
others (Sanderson et al. 2004, 2005; Sasisekharan et 
al. 2002) and will not be discussed here. 


Molecular Aspects 


14.2.1 
Heparanase Structure 


Only one gene (HPSE) has been shown to encode 
for a protein with heparanase activity (Hulett et al. 
1999; Kussie et al. 1999; Toyoshima and Nakajima 
1999; Vlodavsky et al. 1999). Sequence analysis re- 
vealed that heparanase is ubiquitous in mammals, 
with similar sequences found in human, rat, mouse, 
chicken and cow (Goldshmidt et al. 2001; Parish 
et al. 2001). Human heparanase cDNA contains an 
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open reading frame that encodes a polypeptide of 543 
amino acids with a molecular weight of 61.2 kDa. The 
active heparanase purified from placenta, platelets, 
and various cell lines was found to lack its N-termi- 
nal 156 amino acids, suggesting post-translational 
proteolysis of the heparanase polypeptide (Parish et 
al. 1999; Toyoshima and Nakajima 1999; Vlodavsky et 
al. 1999). In fact, active heparanase was subsequently 
reported to be a heterodimer consisting of a 50-kDa 
subunit (Lys'*8-Ile*#*) associated non-covalently with 
an 8-kDa peptide (Gln**-Glu’’) (Fairbanks et al. 
1999; Levy-Adam et al. 2003; McKenzie et al. 2003). 
Based on the predicted amino acid sequence, the 50- 
kDa subunit of human heparanase contains six puta- 
tive N-glycosylation sites. Although glycosylation is 
not required for enzyme activity, secretion of hepa- 
ranase is regulated by glycosylation (Simizu et al. 
2004b). The sequence also contains a 35-amino-acid 
N-terminal signal sequence (Met!—Ala*) and a C-ter- 
minal hydrophobic domain (Pro*!>-Ile**4). While the 
3D structure of heparanase has not been resolved, 
heparanase has been shown to be related to members 
of the clan A glycosyl hydrolyses (GH-A) (Hulett et 
al. 2000). Protein sequence alignment approaches in 
combination with secondary structure predictions 
indicated that heparanase contains sequences that 
are homologous to families 10, 39, and 51 of the GH- 
A, especially in terms of the active-site regions (Hu- 
lett et al. 2000). This clan of enzymes uses a general 
acid catalysis mechanism for the hydrolysis of gly- 
cosidic bonds. The mechanism requires two critical 
residues, a proton donor and a nucleophile, both of 
which appear to be conserved in heparanase, at Glu?’ 
and Glu*, respectively (Hulett et al. 2000). Site-di- 
rected mutagenesis of these residues completely abol- 
ished heparanase activity (Goldshmidt et al. 2003; 
Hulett et al. 2000), suggesting that heparanase uses a 
catalytic mechanism characteristic of GH-A glycosyl 
hydrolyses (Hulett et al. 2000). 


14.2.2 
Heparanase Gene Regulation 


Induced expression of heparanase in human cancer 
(see below), inflammation (Edovitsky et al. 2006; 
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Parish et al. 2001; Vlodavsky et al. 1992), diabetic 
nephropathy (Katz et al. 2002; Levidiotis et al. 2001, 
2004a, 2004b, 2005), and other pathological condi- 
tions suggests a transcriptional regulation. In addi- 
tion to multiple genetic alterations that govern cell 
transformation, epigenetic processes, marked by hy- 
permethylation of the promoter region, contribute 
significantly to gene transcription and cancer pro- 
gression, for example by downregulation of tumor 
suppressor and DNA repair genes. Several studies 
have convincingly shown that promoter methylation 
status plays an important role in heparanase gene 
transcription. By examining a series of tumor-de- 
rived cell lines, Shteper et al. found that cells which 
exhibit heparanase activity also harbor at least one 
unmethylated allele (Shteper et al. 2003). In contrast, 
cell lines which exhibit no heparanase expression 
or activity, such as C6 rat glioma and JAR human 
choriocarcinoma, were found to harbor fully methyl- 
ated alleles. Treating these cells with demethylating 
agents such as 5-azacytidine restored heparanase ac- 
tivity and was accompanied by augmented metastatic 
capacity in vivo (Shteper et al. 2003). While treat- 
ment with demethylating agents is likely to affect 
the expression of many genes, lung colonization was 
suppressed in mice treated with laminaran sulfate 
(Shteper et al. 2003), a compound that inhibits hepa- 
ranase activity and experimental metastasis (Miao 
et al. 1999), supporting the intimate involvement of 
heparanase activity in metastatic dissemination (see 
below). Subsequent studies revealed a similar cor- 
relation with prostate and bladder cancer-derived 
cell lines, and, moreover, with prostate and bladder 
tissues. Thus, significantly higher promoter methyla- 
tion was found in benign prostatic hyperplasia (BPH) 
and in normal bladder than in carcinomas, inversely 
correlating with heparanase expression (Ogishima et 
al. 2005a, b). Interestingly, Ogishima et al. have noted 
acorrelation between heparanase expression by blad- 
der and prostate carcinomas and the expression lev- 
els of early growth response 1 (EGR1), a transcription 
factor implicated in heparanase gene transcription 
(de Mestre et al. 2003, 2005). In contrast with other 
transcription factors such as SP1 and Ets, associated 
with basal heparanase transcription levels (Jiang 
et al. 2002), EGR1 appears to be related to induc- 


ible transcription of the heparanase gene (de Mestre 
et al. 2003, 2005). EGR1 is rapidly induced in response 
to a variety of signals such as growth factors, cyto- 
kines and injury, is upregulated in human tumors 
(Abdulkadir et al. 2001), and is strongly implicated 
in tumor angiogenesis (Khachigian 2004). The latter 
function may be related, at least in part, to the strong 
pro-angiogenic capacity of heparanase (see below). 


14.2.2.1 
Transcriptional Regulation of Heparanase Gene in 
Breast Cancer by Estrogen 


While gene methylation plays a critical role in 
heparanase transcriptional regulation, additional 
regulatory mechanisms may operate, locally or sys- 
temically. An example of a systemic regulator is the 
hormone estrogen, one of the main driving forces 
in breast tumorigenesis. Elkin et al. have identi- 
fied four putative estrogen response elements in the 
heparanase promoter and demonstrated their func- 
tionality by a luciferase reporter gene driven by the 
heparanase promoter (Elkin et al. 2003). Physical 
association between estrogen receptor (ER) and the 
heparanase promoter was confirmed by chromatin 
immunoprecipitation (ChIP) analysis. Luciferase 
activity and heparanase mRNA levels were sig- 
nificantly increased in ER-positive MCF7 cells, but 
not in ER-negative human breast carcinoma cells 
upon treatment with estrogen, induction that could 
be prevented by the estrogen inhibitor ICI (Elkin 
etal. 2003). Similarly, estrogen facilitated heparanase 
expression by MCF7 cells embedded in Matrigel and 
implanted subcutaneously, resulting in plugs that 
are more vascularized, again supporting the pro- 
angiogenic properties of the enzyme. A correlation 
between heparanase and ER levels was confirmed 
by tissue array analysis of breast carcinoma speci- 
mens (our unpublished results), indicating the in 
vivo relevance of this regulatory mechanism. These 
results indicate that heparanase expression induced 
in breast epithelium by estrogen contributes, among 
other factors, to primary breast tumor growth and 
neovascularization. This effect could be particularly 
important at the initial stages of breast tumorigene- 
sis, when more than 70% of all tumors are reportedly 


ER positive. Notably, the partial antagonist tamoxi- 
fen (TAM), the most widely used drug in endocrine 
therapy of breast cancer, was found to exert an es- 
trogen-like promoting effect on heparanase gene 
expression. ChIP assay confirmed TAM-ER com- 
plex binding to the heparanase promoter, suggest- 
ing that it may be held responsible, at least in part, 
for tumor resistance or even progression observed 
in many TAM-treated breast cancer patients (our 
unpublished results). While these observations are 
relevant to breast cancer, mechanisms that promote 
heparanase expression in tissues other than breast 
are currently poorly understood. 


14.2.2.2 
Tumor Suppressor p53 Regulates Heparanase 
Gene Expression 


Little is known about physiologically relevant re- 
pressors of heparanase gene transcription. Applying 
ChIP analysis, we recently demonstrated that wild- 
type p53 inhibits transcription of the heparanase 
gene by direct binding to its promoter. Moreover, 
this inhibition involved recruitment of histone 
deacetylases (HDACs). On the other hand, mutated, 
tumor-derived variants of p53 lose this inhibitory 
ability and in some cases even upregulate heparan- 
ase gene expression (Baraz et al. 2006). These results 
indicate that under normal conditions the heparan- 
ase gene is constitutively inhibited by wild-type p53. 
Mutational inactivation of p53 during cancer devel- 
opment leads to transcriptional activation of hepa- 
ranase expression, providing a possible molecular 
mechanism for the frequent increase in heparanase 
levels observed in the course of tumorigenesis (see 
below). 


14.2.2.3 
Heparanase Gene Regulation by Inflammatory 
Mediators 


Polyanionic compounds which inhibit heparanase 
enzymatic activity (e.g., heparin) also inhibit in- 
flammatory responses (Bartlett et al. 1995; Lider 
et al. 1989; Parish et al. 1998). This effect may be 
attributed to inhibition of heparanase produced 
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by activated T lymphocytes, regarded as the pri- 
mary cellular source of the enzyme in inflammation 
(Naparstek et al. 1984; Vlodavsky et al. 1992). We 
have recently examined the role of heparanase in a 
delayed-type hypersensitivity (DTH) mouse model. 
Surprisingly, it was noted by immunohistochemis- 
try that endothelial cells are the primary source of 
the enzyme under this experimental setting (Edo- 
vitsky et al. 2006). Furthermore, TNFa and IFN-y, 
key mediators of DTH inflammation, upregulated 
heparanase gene expression and enzymatic activity 
in cultured endothelial cells (Edovitsky et al. 2006) 
and T lymphocytes (Sotnikov et al. 2004), consistent 
with a recent report demonstrating induced hepa- 
ranase expression and secretion by endothelial cells 
treated with TNFa (Chen et al. 2004). Computerized 
analysis of the heparanase gene 1.9-kb promoter 
sequence revealed two consensus interferon-stim- 
ulated response elements (ISREs) that specifically 
bind transcription factors activated by interferon 
(Edovitsky et al. 2006). These results point to the 
vascular endothelium as an important cellular 
source of heparanase enzymatic activity that, in 
turn, allows for remodeling of the vascular base- 
ment membrane, increased vessel permeability, and 
extravasation of tumor cells, leukocytes and plasma 
proteins. In vivo administration of anti-heparan- 
ase siRNA, or an inhibitor of heparanase enzymatic 
activity (non-anticoagulant glycol split heparin, 
see below), effectively halted the DTH inflamma- 
tory response. Altogether, our results (Edovitsky 
et al. 2006) highlight the decisive role of endothelial 
heparanase in DTH inflammation and its potential 
as a promising target for anti-inflammatory drug 
development. 


14.2.3 
Heparanase Processing and Cellular 
Localization 


As already discussed, given the multitude of poly- 
peptides associated with HS on the cell surface and 
ECM and their ability to profoundly affect cell and 
tissue function, heparanase activity and bioavail- 
ability should be kept tightly regulated. Regulation 
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at the transcriptional level represents one type of 
control mechanism. Regulation factors at the post- 
translational level, namely heparanase processing, 
cellular localization and secretion, are now recog- 
nized as additional key regulatory mechanisms. A 
major 50-kDa protein is detected in cell lysates fol- 
lowing transfection and overexpression of the hepa- 
ranase cDNA, correlating with high levels of enzy- 
matic activity (Vlodavsky et al. 1999), In contrast, 
a 65-kDa protein was found in the cell-conditioned 
medium, raising the possibility that the protein is 
first synthesized as a latent proenzyme, which is 
then activated by proteolytic processing. Purifying 
human heparanase to homogeneity allowed Fair- 
banks et al. to determine the N-terminus sequence 
of the 50-kDa protein (Fairbanks et al. 1999). In- 
terestingly, the purified heparanase preparation 
was noted to include an 8-kDa protein, and further 
analysis revealed that this protein is derived from 
the N-terminus region (Gln*°-Glu'®’) of heparanase, 
immediately next to the signal sequence (Fairbanks 
et al. 1999). This finding led the authors to suggest 
that active heparanase is a hetrodimer composed of 
the 8-kDa and 50-kDa subunits. Indeed, attempts 
to express the truncated 50-kDa (Lys!*8-Ile**3) pro- 
tein alone yielded no enzymatic activity (Hulett 
et al. 2000), indicating that an N-terminus sequence 
is required. This hypothesis was confirmed by co- 
transfection and immunoprecipitation approaches, 
convincingly demonstrating that the two subunits 
are associated with each other, and that enzymatic 
activity is only obtained by coexpression of both 
the 8- and 50-kDa subunits (Levy-Adam et al. 2003; 
McKenzie et al. 2003). Multiple sequence align- 
ment and secondary structure prediction suggest 
that heparanase adopts a TIM barrel fold, similar 
to other glycosyl hydrolases (Hulett et al. 2000). 
This fold motif usually consists of eight alternat- 
ing a-helices and B-strands. Within the heparan- 
ase 50-kDa subunit, clear homology was noted for 
only six o/B units, leading Nardella et al. to suggest 
that the two other units are contributed by the 8- 
kDa subunit. Indeed, structural prediction revealed 
the presence of a B/a/B element in the 8-kDa sub- 
unit, which may thus contribute the missing TIM 
barrel units (Nardella et al. 2004). These and other 


studies (McKenzie et al. 2003) indicated that the 
linker domain (Ser!!°-GIn!5’) inhibits heparanase 
activity and needs to be fully removed. Adopt- 
ing site-directed mutagenesis approach to identify 
amino acids essential for cleavage at Glu!??-Ser!!® 
(site 1) and Gln!*’-Lys!°8 (site 2), Abboud-Jarrous et 
al. reported that none of the mutations generated at 
site 1 and its flanking regions had an effect on hep- 
aranase processing and activity (Abboud-Jarrous 
et al. 2005). In contrast, substitution of Tyr’*° (site 
2) by alanine or glutamine rendered heparanase in- 
active and improperly processed (Abboud-Jarrous 
et al. 2005). Subsequent studies revealed that a bulky 
hydrophobic amino acid (i.e., Tyr!*°) at position 2 
(P2) of the cleavage site (Gln!*’-Lys!>§) is absolutely 
required for heparanase processing and activation, 
resembling the cleavage specificity of cathepsin L 
(Abboud-Jarrous et al. 2005). Indeed, incubation of 
purified latent 65-kDa heparanase with cathepsin L 
yielded properly processed and active heparanase 
enzyme composed of the 50- and 8-kDa subunits. 
Processing and activation of the pro-enzyme by in- 
tact cells and in a cell-free system was inhibited in 
the presence of a specific, cell-permeable inhibitor of 
cathepsin L (Abboud-Jarrous et al. 2005). Applying 
a structural model, these authors demonstrated that 
the linker segment, or even a small 1-kDa portion 
at its C-terminus, renders the active site inaccessible 
to the HS substrate. Moreover, heparanase activity 
was inhibited in the presence of a 1-kDa peptide 
corresponding to the C-terminus of the linker seg- 
ment. While predicted model structures do provide 
important information (Fig. 14.1), it is limited by the 
relatively low sequence homology with other glyco- 
syl hydrolases, and awaits further confirmation by 
crystallization and X-ray analysis. 

More recent findings applying site-directed 
mutagenesis of aromatic residues along the linker 
segment support a mechanism by which cathepsin 
L is not only responsible for cleavage at site 2, but 
is actually capable of a stepwise cleavage and re- 
moval of the entire linker region, suggesting that 
processing and activation of pro-heparanase can 
be brought about solely by cathepsin L and/or ca- 
thepsin L-like proteases (our unpublished results). 
It is likely that cathepsins other than cathepsin L 
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Fig. 14.1. Primary structure, critical amino acids and predicted three-dimensional structure 
of the heparanase heterodimer. Pre-pro-heparanase harbors a signal peptide (s.p., Met'-Ala”) 
which is removed upon entering the ER. The protein is then subjected to glycosylation at six N- 
glycosylation sites (blue “trees”) and secreted as a latent ~65 kDa protein (top panel). Proteolytic 
processing removes the linker domain (Ser'!-Gln'*’), resulting in 8-kDa (Gln**-Glu!®’) and 
50-kDa (Lys'*§-Ile*#?) subunits (middle panel) that heterodimerize to yield an active enzyme. 
A predicted three-dimensional structure of the heparanase heterodimer (bottom panel) was 
generated based on homology with B-D-xylosidase. Shown (left) are the 8-kDa (blue) and 50- 
kDa subunits (yellow), and glutamic acid residues 225 and 343, which comprise the enzymati- 
cally active site (red). Close proximity of the heparin-binding domains (blue and green) to the 
enzymatically active site (red) is shown on the right 


may activate pro-heparanase, possibly inacell-and the skin and bone of transgenic mice resulted in 
tissue- dependent manner. the opposite phenomena: enhanced hair follicle cy- 

Of note, impaired hair follicle morphogenesis cling and hair growth (Zcharia et al. 2004, 2005a, 
and cycling, and abnormal bone development, 2005b), and increased trabecular connectivity and 
were noted in cathepsin L-deficient and cathepsin bone mass (Kram etal. 2006), suggesting that altera- 
L knockout mice (Benavides et al. 2002; Potts et al. tions associated with cathepsin L deficiency are due, 
2004). Intriguingly, heparanase overexpression in in part, to the possible lack of heparanase activity. 
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Additional studies are required to elucidate the effect 
of cathepsin deficiency on heparanase function. 

Animportant issue is the nature of the processing 
organelle. Exogenously added pro-heparanase rap- 
idly interacts with cells in culture, followed by in- 
ternalization and conversion into a highly active en- 
zyme, raising the possibility that processing occurs 
at the cell surface (Nadav et al. 2002; Vlodavsky and 
Friedmann 2001). Recent findings indicated, how- 
ever, that heparanase processing occurs intracellu- 
larly (Gingis-Velitski et al. 2004b; Vreys et al. 2005; 
Zetser et al. 2004), pointing to acidic vesicles, most 
likely lysosomes, as the processing organelle. Fol- 
lowing exogenous addition, heparanase was noted to 
reside within perinuclear endocytic vesicles identi- 
fied as endosomes (Nadav et al. 2002) and lysosomes 
(Goldshmidt et al. 2002). Applying anti-heparanase 
antibodies that distinguish between the latent and 
processed heparanase forms, Zetser et al. demon- 
strated that not only the processed, but also the 65- 
kDa latent heparanase was localized to endocytic 
vesicles, indicating that processing does not take 
place at the cell surface (Zetser et al. 2004). Com- 
plete inhibition of heparanase processing by chlo- 
roquine and bafilomycin Al, reagents that raise the 
PH of acidic vesicles and thus inhibit the enzymatic 
activity of resident enzymes, further points to acidic 
vesicles as the heparanase processing site (Zetser 
et al. 2004). Taking this notion a step further, 
Cohen et al. utilized a cell fractionation approach 
and demonstrated that lysosomal/endosomal, but 
not cytoplasmic, preparation is capable of heparan- 
ase processing, yielding an active enzyme (Cohen 
et al. 2005). Moreover, processing by the lysosomal/ 
endosomal preparation was most efficient in acidic 
pH conditions (pH 4-5) (Cohen et al. 2005), typical 
of the lysosomal compartment. These results and 
the ability of cathepsin L, a characteristic lysosomal 
enzyme, to accurately process and activate pro-hep- 
aranase, strongly support the lysosomal compart- 
ment as the site of processing. It should be noted, 
nonetheless, that most studies were performed with 
transfected cells engineered to overexpress hepa- 
ranase, or in response to exogenous addition of the 
latent enzyme, situations that may not fully reflect 
the physiological conditions. 


14.2.4 
Heparanase Secretion and Extracellular 
Retention 


Inspite ofitslocalization toahighlyactive proteindeg- 
radationenvironmentsuchasthelysosome, heparan- 
ase exhibits a half-life of about 30 h (Gingis-Velitski 
et al. 2004b), relatively long compared with a tı; of 
2-6h, and 25 min of transmembrane and GPI- 
anchored HSPGs, respectively. Residence and ac- 
cumulation of heparanase in late endosomes and 
lysosomes may indicate that the enzyme functions 
in physiological turnover of cellular HSPGs (Fuller 
et al. 2006). Being not readily accessible to its 
extracellular substrate points to the existence of 
regulatory mechanism(s) by which intracellular, 
lysosomal heparanase is secreted in response to 
local or systemic cues. Recent observations may 
support the occurrence of such a scenario. For 
example, treatment of human microvascular en- 
dothelial cells (EC) with the pro-inflammatory cy- 
tokines TNFa and IL-18 resulted in a marked in- 
crease in heparanase secretion (Chen et al. 2004), 
although this observation was not supported by 
measurements of heparanase enzymatic activity. 
Secretion of heparanase in response to TNFa was 
also noted in human peripheral T-cells (Sotnikov 
et al, 2004). Interestingly, TNFa and IL-1ß had 
no effect on heparanase secretion from tumor- 
derived cells (our unpublished results), suggest- 
ing that effective stimuli may vary among cell 
types and biological settings. Instead, nucleotides, 
such as ATP, ADP and adenosine, were most ef- 
fective in stimulating secretion of active heparan- 
ase by tumor cells (Shafat et al., in preparation). 
Regarded as a universal source of metabolic en- 
ergy, extracellular ATP and other nucleotides are 
capable of initiating signaling cascades through 
two classes of P2 receptors: P2X, which has an 
intrinsic activity of the ion channel; and P2Y, a 
G-protein coupled receptor (Communi et al. 2000). 
P2Y receptor activation is coupled to phospho- 
lipase C and adenylate cyclase, leading to PKC 
and PKA activation (Abbracchio and Burnstock 
1998; Communi et al. 2000; van der Weyden et 


al. 2000). Remarkably, each and every cell line 
examined responded to nucleotides (ATP, ADP, 
adenosine) by a stimulated secretion of active hep- 
aranase (Shafat etal.,in preparation). Importantly, 
ATP exerted its maximal effect at a physiological 
concentration (1 pM) (Gordon 1986), emphasiz- 
ing the biological relevance of this mediator, and 
heparanase secretion was inhibited by PKC inhibi- 
tors and P2Y receptor antagonists. Several lines 
of evidence suggest that the secreted heparanase 
originated from intracellular pools, most likely 
endosomes and lysosomes. The kinetics of hepa- 
ranase secretion elicited by ATP resembled that 
of the lysosomal enzyme cathepsin D, supporting 
the notion that both enzymes were secreted from 
intracellular vesicles. Moreover, immunofluores- 
cence staining revealed a clear transition in the lo- 
calization of heparanase-positive vesicles towards 
the cell periphery, in response to stimulation with 
ATP. Thus, although not considered as typical se- 
cretory vesicles, lysosomes may secrete their con- 
tent under certain conditions and in response to 
a proper stimuli, in agreement with the elevated 
levels of secreted cathepsins found in several hu- 
man malignancies (Turk et al. 2000, 2004). 

Apart from storage in the endosomal/lysosomal 
compartment, efficient uptake of exogenous hepa- 
ranase by primary fibroblasts and EC, as well as by 
tumor-derived cells (Gingis-Velitski et al. 2004a, 
2004b; Nadav et al. 2002; Zetser et al. 2004) pro- 
vides an additional mechanism that limits the re- 
tention of the enzyme extracellularly. Several lines 
of evidence indicate that heparanase uptake is me- 
diated by cell surface HS. We have demonstrated 
that addition of heparin or xylosides results in ac- 
cumulation of heparanase in the culture medium 
of heparanase transfected cells. Heparanase uptake 
was attenuated in HS-deficient cells and in cells 
that were treated with bacterial heparinase, but 
not with chondroitinase ABC. In addition, trans- 
fection and overexpression of heparanase inHS-de- 
ficient cells resulted in accumulation of the latent 
pro-enzyme in the culture medium, concomitant 
with decreased levels of the intracellular pro- 
cessed enzyme (Gingis-Velitski et al. 2004b). This 
result suggests that intracellular accumulation of 
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processed heparanase occurs following uptake of the 
secreted latent protein (Gingis-Velitski et al. 2004b) 
(Fig. 14.2). Sequence alignment of heparin-binding 
domains in the heparanase molecule revealed the 
existence of two domains that match consensus se- 
quences for heparin binding. These were mapped at 
Lys!>8_Asp!® at the N-terminus of the 50-kDa hep- 
aranase subunit and at Pro’’!_Met?’® (Levy-Adam 
et al. 2005), A peptide containing the Lys!°*-Asp!® 
sequence (KKDC) exhibited firm binding to hepa- 
rin and HS and inhibited both heparanase uptake 
and enzymatic activity, most likely due to competi- 
tion with the HS substrate (Levy-Adam et al. 2005). 
Furthermore, heparanase deletion mutants lacking 
each of the heparin-binding domains exhibited no 
enzymatic activity. Deletion of the KKDC sequence 
(65A15) resulted in intracellular accumulation of 
the 65-kDa pro-enzyme that failed to get secreted. 
Deletion of the Pro?’!~Met?78 sequence (65A10) led 
to accumulation of the pro-enzyme in the cell-con- 
ditioned medium (Levy-Adam et al. 2005), further 
supporting a critical role for HS in heparanase up- 
take and processing. Notably, the KKDC sequence, 
and specifically lysine’? and lysine!*’, involved in 
interaction of the enzyme with heparin/HS (Levy- 
Adam et al. 2005), appeared to reside in close prox- 
imity to Glu?” and Glu**’, comprising the enzyme’s 
active site in a micro-pocket domain (Hulett et al. 
2000) (Fig. 14.1). The predicted 3D model further 
emphasizes the micro-pocket region, and in partic- 
ular the KKDC sequence (Fig. 14.1), as a valid tar- 
get for the development of heparanase-inhibiting 
molecules (see below). More recently, Verys et al. 
have identified two additional cell surface receptors 
that mediate heparanase uptake, namely the low- 
density lipoprotein receptor-related protein (LRP) 
and the mannose 6-phosphate receptor (Vreys et 
al. 2005), Binding affinities to each component have 
not been determined, and the precise contribution 
of each receptor species to heparanase uptake is 
yet to be demonstrated. Collectively, the studies 
described above clearly emphasize the complex- 
ity and tight regulation of heparanase expression, 
processing and secretion (Fig. 14.2), supporting its 
potency and significance in normal and pathologi- 
cal conditions. 
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Fig. 14.2. Schematic presentation of heparanase biosynthesis, trafficking and pro-angiogenic activity. Pre-pro- 
heparanase is first targeted to the ER lumen via its signal peptide (Met'-Ala*®) (1). The 65-kDa pro-heparanase 
(red circles) is then shuttled to the Golgi apparatus and is subsequently secreted via vesicles that bud from the 
Golgi (2), a step that is inhibited by brefeldin A (BFA) (Nadav et al. 2002). Once secreted, heparanase rapidly 
interacts with cell membrane HSPGs (i.e., syndecan family members) (3) (Gingis-Velitski et al. 2004b), man- 
nose-6-phosphate receptor and LRP (Vreys et al, 2005), followed by a rapid endocytosis of the heparanase-HSPG 
complex (4) that appears to accumulate in endosomes (Nadav et al. 2002). This step is inhibited by cytochalasin 
D (Cyto. D) (Nadav et al. 2002), heparinase, or heparin (Gingis-Velitski et al. 2004b), Conversion of endosomes 
to lysosomes results in heparanase processing and activation (red stars) (5) that, in turn, participates in the 
turnover of HS side chains in the lysosome. Heparanase processing and activation is inhibited by chloroquine 
or bafilomycin A, inhibitors of lysosomal proteinases. Typically, heparanase appears at perinuclear lysosomal 
vesicles (6), Such a trafficking route may be bypassed in several potential ways, such as direct conversion of 
exocytosed vesicles to endosomes (dash-dotted arrow). Lysosomal heparanase may translocate to the nucleus, 
where it affects gene transcription, thus contributing to a more differentiated state of carcinoma cells (Ohkawa 
et al. 2004; Takaoka et al. 2003) (7), or can get secreted in response to local or systemic cues. Secretion of ac- 
tive heparanase heterodimer (dotted arrow) is inhibited by PKC inhibitors (Bis), and P2Y receptor antagonists 
(MRS, PPADS) (8). Both the latent and active secreted heparanase are also capable of interacting with cell surface 
heparanase-binding protein (HBP) and thereby activate signaling components such as Akt, p38, Src, Pyk2 and 
integrins, leading to enhanced cell adhesion, migration, VEGF expression and angiogenesis (Gingis-Velitski et 
al. 2004a; Goldshmidt et al. 2003; Sotnikov et al. 2004; Zetser et al. 2003, 2006) (9) 


Cellular Aspects 


14.3.1 
Heparanase and Cancer Metastasis: 
Experimental Evidence 


Heparanase activity in tumor cells was initially in- 
vestigated in B16 melanoma (Nakajima et al. 1983, 
1984) and T-lymphoma cells (Vlodavsky et al. 1983), 
resulting in HS fragments 5-6 times smaller than 
intact HS side chains. Heparanase activity was fur- 
ther characterized as an endoglucuronidase and 
found to be inhibited by species of heparin (Bar-Ner 
et al. 1985; Nakajima et al. 1984). This latter finding 
was confirmed by other laboratories in multitude 
experimental settings, providing the basis for the 
development of heparanase-inhibiting non-antico- 
agulant species of heparin (see below). 
Heparanaseactivity correlated with the metastatic 
potential of mouse B16 melanoma and Eb lymphoma 
cells. Thus, sublines with higher potential for metas- 
tasis and organ colonization exhibited a higher en- 
zymatic activity than low- or non-metastatic cells. 
These early observations gained substantial support 
when specific molecular probes became available 
shortly after cloning the heparanase gene. Hulett 
et al. employed Northern blot analysis to study hep- 
aranase expression in cells and tissues (Hulett et al. 
1999), while Vlodavsky et al. utilized a transfection 
approach (Vlodavsky et al. 1999). In these studies, 
highly metastatic rat mammary adenocarcinoma 
cell lines (13762 MAT, DMBA-8A) were noted to ex- 
press high levels of heparanase mRNA transcripts 
compared with their non-metastatic counterpart 
cells (Hulett et al. 1999). Subcutaneous inoculation 
of non-metastatic Eb lymphoma cells engineered to 
overexpress heparanase (hpa-Eb) resulted in a sig- 
nificant decrease in survival time of the mice due to 
a massive liver infiltration (Vlodavsky et al. 1999), 
further supporting the correlation between hepa- 
ranase expression and the metastatic capacity of 
cancer cells. In a myeloma cell model, Yang et al. 
demonstrated that enhanced heparanase expres- 
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sion markedly induced spontaneous metastasis into 
various organs, depending on the site of primary tu- 
mor inoculation. Subcutaneously injected myeloma 
cells metastasized to the spleen, liver, lung and bone, 
while cells injected into the bone selectively dissem- 
inated to other bones (Yang et al. 2005). Moreover, 
vigorous bone resorption was noted in SCID mice 
following inoculation of heparanase-transfected 
MDA-231 human breast carcinoma cells into the 
mammary fat pad, although bone metastases were 
not detected (Kelly et al. 2005). It appears that hepa- 
ranase overexpression in tumor cells can exert a sys- 
temic effect, resulting in elevation of soluble factors 
that stimulate osteolysis and, perhaps, progression 
of bone-homing tumors (Kelly et al. 2005; Sanderson 
et al. 2005). In other studies, siRNA and ribozyme 
technologies were employed to reduce heparanase 
expression levels in a specific manner. Transfection 
and stable expression of anti-heparanase ribozyme 
construct inhuman MDA-MB-435 breast carcinoma 
cells, known to express high levels of heparanase ac- 
tivity, or in Eb mouse lymphoma cells engineered to 
overexpress the human heparanase gene (hpa-Eb), 
resulted in a marked decrease in heparanase lev- 
els evaluated by reverse-transcription polymerase 
chain reaction (RT-PCR) and heparanase enzymatic 
activity. This decrease correlated with a 55-65% re- 
duction in cellular invasion through a reconstituted 
basement membrane (Matrigel) (Edovitsky et al. 
2004). Moreover, mice inoculated (s.c) with hpa-Eb 
lymphoma cells transfected with anti-heparanase 
ribozyme exhibited a marked decrease in liver me- 
tastasis and survived significantly longer than mice 
inoculated with cells transfected with control ribo- 
zyme. Similarly, lung colonization of B16-BL6 mela- 
noma cells was markedly (>90%) reduced when ap- 
plying cells transfected with anti-heparanase siRNA 
due to a marked inhibition of both heparanase gene 
expression and enzymatic activity, naturally ex- 
pressed by these cells (Edovitsky et al. 2004). Subcu- 
taneous primary tumors produced by hpa-Eb cells 
expressing the anti-heparanase ribozyme were less 
vascularized, supporting the pro-angiogenic func- 
tion of the enzyme (see below). Altogether, both 
overexpression and silencing of the heparanase gene 
clearly indicate that heparanase not only enhances 
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cell dissemination, but also promotes the establish- 
ment of a vascular network that accelerates primary 
tumor growth and provides a gateway for invading 
metastatic cells. 


14.3.1.1 
Heparanase and Cancer Metastasis: 
Clinical Relevance 


While the studies described above provide a proof- 
of-concept for the pro-metastatic and pro-angiogenic 
capacity of heparanase, the clinical significance of 
the enzyme in tumor progression emerges from a 
systematic evaluation of heparanase expression in 
primary human tumors. Immunohistochemistry, 
in situ hybridization, RT-PCR and real-time PCR 
analyses revealed that heparanase is upregulated 
in essentially all human tumors examined. These 
include carcinomas of the colon (Friedmann et al. 
2000; Sato et al. 2004), thyroid (Xu et al. 2003), liver 
(El-Assal et al. 2001), pancreas (Kim et al. 2002; 
Koliopanos et al. 2001; Rohloff et al. 2002), bladder 
(Gohji et al. 2001a,b), cervix (Shinyo et al. 2003), 
breast (Maxhimer et al. 2002), gastric (Takaoka et 
al. 2003; Tang et al. 2002), prostate (Ogishima et al. 
2005a), head and neck (Beckhove et al. 2005; Mikami 
et al. 2001; Simizu et al. 2003) and oral cavities, as 
well as multiple myeloma (Kelly et al. 2003), leuke- 
mia and lymphoma (Bitan et al. 2002). In most cases, 
elevated levels of heparanase were detected in about 
50% of the tumor specimens, witha higher incidence 
in pancreatic (78%) and gastric (80%) carcinomas 
and in multiple myeloma (86%). In all cases, the nor- 
mal-looking tissue adjacent to the malignant lesion 
expressed low or no detectable levels of heparan- 
ase, suggesting that epithelial cells do not normally 
express the enzyme. This is in agreement with the 
notion that under normal conditions heparanase ex- 
pression is restricted primarily to the placenta, kera- 
tinocytes, lymphocytes, neutrophils, macrophages 
and platelets (Parish et al. 2001; Vlodavsky and 
Friedmann 2001). In several carcinomas, the most 
intense heparanase staining was localized to the in- 
vasive front of the tumor (Beckhove et al. 2005; Gohji 
et al. 2001b; Ohkawa et al. 2004; Tang et al. 2002), 
supporting a role for heparanase in cell invasion. 


Furthermore, patients diagnosed as heparanase- 
positive exhibited a significantly higher rate of local 
and distant metastasis as well as reduced postopera- 
tive survival compared with patients diagnosed as 
heparanase-negative (Gohji et al. 2001b; Kelly et al. 
2003; Rohloff et al. 2002; Sato et al. 2004; Takaoka 
et al. 2003; Tang et al. 2002; Bar-Sela et al. 2006; 
Ben-Izhak et al. 2006; Doweck et al. 2006) (Fig. 14.3). 
Collectively, these studies provide a strong clinical 
support for the pro-metastatic function of heparan- 
ase. Interestingly, patient‘s survival was noted to 
correlate not only with heparanase levels, but also 
with its cellular localization. In addition to localiza- 
tion in the cytoplasm, heparanase was also noted to 
assume nuclear localization, demonstrated by cell 
fractionation (Schubert et al. 2004), and by immu- 
nostaining of cultured cells (Schubert et al. 2004) 
and tumor biopsies (Ohkawa et al. 2004; Takaoka 
et al. 2003). Interestingly, nuclear localization was 
correlated with maintained cellular differentiation 
and favorable outcome (Ohkawaet al. 2004; Takaoka 
et al. 2003; Doweck et al. 2006) (Fig. 14.4), suggesting 
that heparanase is intimately involved in gene regu- 
lation. Whether gene transcription and maintained 
cellular differentiation is due to direct interaction 
of heparanase with the DNA, or is a consequence 
of heparanase-mediated nuclear-HS degradation, is 
yet to be demonstrated. 

In addition, heparanase upregulation in primary 
human tumors correlated in some cases with greater 
size of tumors (El-Assal et al. 2001; Maxhimer et al. 
2002; Tang et al. 2002) and with enhanced micro- 
vessel density (El-Assal et al. 2001; Gohji et al. 2001a; 
Kelly et al. 2003; Sato et al. 2004; Shinyo et al. 2003; 
Watanabe et al. 2003), providing clinical support for 
the pro-angiogenic function of the enzyme. 


14.3.2 
Heparanase Pro-angiogenic Properties: 
Combining Molecular and Cellular Functions 


Angiogenesis is a process of blood vessel formation 
in which new capillaries sprout from a pre-existing 
vascular network. The process requires that endo- 
thelial cells (EC) detach from the underlying base- 
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Fig. 14.3. Heparanase 
expression inversely 
correlates with patient 
survival. Kaplan-Meier 
analysis of overall sur- 
vival of patients with 
heparanase-positive 
and -negative nasopha- 
ryngeal (upper panel, 
p=0.03) and salivary 
gland (lower panel, 
p=0.035) carcinoma 
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ment membrane (BM), migrate, proliferate, and 
reestablish new cell-cell contacts to form func- 
tional capillary tubes (Folkman 2003). Subsequent 
deposition of ECM components and recruitment 
of pericytes are required for vessel maturation 
(Folkman 2003). HSPGs are prominent compo- 
nents of blood vessels, and HSPG-degrading en- 
zymes have long been implicated in a number of 
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angiogenesis-related cellular processes. A critical 
early event in the angiogenic process is degrada- 
tion of the subendothelial BM, followed by EC mi- 
gration toward the angiogenic stimulus. Similar 
to its involvement in tumor cell dissemination, 
it is conceivable that by degrading HS in the BM, 
heparanase may directly facilitate EC invasion 
and sprouting. Indeed, heparanase expression 
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Fig. 14.4. Nuclear localization of heparanase predicts favorable outcome. Head and neck carcinoma specimens were stained 
with anti-heparanase antibodies and staining was categorized as nuclear (right panel, bottom), cytoplasmic (right panel, 
top) or both. Patient’s status was analyzed according to heparanase cellular localization (left panel). Note the greater 5-year 
survival of patients exhibiting nuclear localization of heparanase 


by bFGF-stimulated, bone marrow-derived EC 
was demonstrated by RT-PCR (Elkin et al. 2001). 
Immunohistochemistry of tumor specimens re- 
vealed heparanase staining of EC in capillaries, 
but not mature blood vessels (Elkin et al. 2001; 
Friedmann et al. 2000). Moreover, by releasing 
HS-bound angiogenic growth factors (i.e., bFGF, 
VEGF) from the ECM (Folkman et al. 1988), hep- 
aranase may indirectly facilitate EC migration 
and proliferation (Vlodavsky et al. 1996), In fact, 
given the multitude of biological mediators that 
are sequestered by HS in the ECM (Vlodavsky 
et al, 1991), heparanase activity liberates a number 
of active molecules that may act cooperatively or 
synergistically to promote neovascularization. 


14.3.2.1 
Wound Angiogenesis 


Wound healing orchestrates multiple cell types 
(i.e. neutrophils, macrophages, fibroblasts, kerati- 
nocytes, EC), as well as soluble (i.e., growth fac- 
tors, cytokines, chemokines) and insoluble (ECM 
components) mediators, in a complex sequence of 
events. Orchestration and regulation of the rapidly 
developing new tissue observed in wound healing 
depend not only on cells and bioactive polypep- 
tides, but also on the ECM microenvironment, and 
require new blood vessel formation to nourish the 
newly formed granulation tissue. Elevated heparan- 
ase expression was observed in the wound granula- 
tion tissue and blood vessels (Zcharia et al. 2005b). 
Heparanase contribution to wound healing and 
wound angiogenesis has been demonstrated in 
several experimental settings. Increased amounts 
of heparanase were found in the wound fluid of 


heparanase transgenic (hpa-tg) versus control mice 
(Zcharia et al. 2005b), in agreement with heparanase 
expression in healing wounds. Moreover, elevated 
heparanase levels in the wound fluid correlated 
with a comparable elevation of bFGF (Zcharia et 
al. 2005b), providing in vivo support for the ability 
of heparanase to release heparin-binding pro-an- 
giogenic factors. Enhanced wound angiogenesis was 
further demonstrated in the hpa-tg mice by applying 
MRI (Zcharia et al. 2005b). Control mice exhibited 
an increased apparent vessel density (AVD) in the 
wound area that peaked 3 days after wounding, fol- 
lowed by a gradual decrease. In contrast, a marked 
fourfold increase in AVD was evident in the hpa-tg 
mice already 1 day after wounding and persisted un- 
til the end of the experiment on day 7. This effect was 
inhibited by non-anticoagulant glycol-split heparin 
(ST1514), shown to inhibit heparanase enzymatic ac- 
tivity at nM concentrations (Naggi et al. 2005) (see 
below), thus clearly supporting a role for heparanase 
in wound angiogenesis (Zcharia et al. 2005b). In a 
rat/flap punch model, topical application of highly 
active recombinant heparanase improved wound 
healing by 40% (Zcharia et al. 2005b) and enhanced 
wound angiogenesis (Elkin et al. 2001). Measure- 
ments taken in the area of flap incisions revealed a 
significant increase in epithelium thickness (Zcharia 
et al. 2005b), suggesting that heparanase promotes 
keratinocyte proliferation due to an improved bio- 
availability of factors such as KGF and HB-EGF. In 
addition, immunostaining of wound sections with 
anti-smooth muscle actin (SMA) antibody revealed 
a sevenfold increase in SMA-positive blood vessels 
in response to heparanase treatment (Zcharia et al. 
2005b) (Fig. 14.5). Similarly, enhanced recruitment 
of SMA-positive cells was noted in a rat C6 glioma 
xenograft produced by heparanase transfected 
cells (our unpublished results, Fig. 14.5). Thus, 
heparanase accelerates wound healing by enhanced 
migration and proliferation of keratinocytes and 
stimulation of wound blood vessel formation and 
maturation. The coordinate, simultaneous release 
of a combination of HS-bound growth factors (i.e., 
bFGF, VEGF, HB-EGF, KGF) is unique to heparanase 
and may account for its efficient neovascularization 
and wound healing-promoting effect. It should be 
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noted that wound healing is only one example of 
the involvement of heparanase in tissue remodeling, 
regeneration and neovascularization. For example, 
heparanase upregulation was observed during liver 
regeneration following hepatectomy (Goldshmidt 
et al. 2004). Furthermore, hpa-tg exhibited excess 
branching and widening of mammary gland ducts 
and an accelerated rate of hair growth, both associ- 
ated with enhanced vascularization (Zcharia et al. 
2004, 2005a), implying that heparanase contributes 
to neovascularization under normal and pathologi- 
cal conditions. 


14.3.2.2 
Tumor Models and Akt Activation 


Heparanase overexpression in human U87 glioma 
(Zetser et al. 2003), HT 29 colon carcinoma (Doviner 
et al. 2006), CAG myeloma (Yang et al. 2005), and 
MCF7 (Cohen et al. 2006), MDA-MB-231 (Kelly 
et al. 2005), and MDA-MB-435 (Zetser et al. 2006) 
breast carcinoma cells correlated with enhanced 
xenograft tumor growth and vascularization. Us- 
ing the RIP-Tag2 tumor model, Joyce et al. have re- 
cently demonstrated elevated levels of heparanase 
mRNA and protein upon the transition from normal 
to angiogenic islets, which further increased when 
solid tumors were detected (Joyce et al. 2005). These 
studies support the notion that heparanase not only 
facilitates tumor metastasis, but also contributes to 
the angiogenic switch and subsequent growth of the 
primary tumor. In these studies, enhanced tumor 
progression correlated with elevation in blood ves- 
sel density, revealed by staining with anti-PECAM-]1 
antibodies, as well as by MRI analysis (Cohen et al. 
2006). At the molecular level, heparanase overex- 
pression was noted to facilitate adhesion and migra- 
tion of tumor cells, primary EC and T lymphocytes, 
mediated, at least in part, by Bl-integrin and Rac 
activation (Goldshmidt et al. 2003; Sotnikov et al. 
2004; Zetser et al. 2003). Heparanase overexpression 
in U87 glioma, as well as in several other tumor- 
derived cells, correlated with enhanced Akt/PKB 
phosphorylation levels (Zetser et al. 2003). More- 
over, exogenous addition of heparanase to primary 
EC markedly stimulated Akt phosphorylation (Gin- 
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Fig. 14.5A-H. Angiogenic properties of heparanase. a, b In vitro angiogenesis, Human umbilical vein endothelial cells (HU- 
VEC) were plated onto Matrigel-coated dishes in the absence (A) or presence (B) of latent 65-kDa heparanase (1 pg/ml) and 
organization into tube-like structures was examined after 24 h. C-F Tumor xenografts. Human breast carcinoma MDA-MB- 
435 (C, D) and rat C6 glioma (E, F) cells were stable translected with control empty vector (C, E) or with heparanase cDNA 
(D, F), inoculated into mice, and tumor xenografts were stained with anti-PECAM-1 (C, D), or anti-smooth muscle actin (E, 
F) antibodies. Note enhanced tumor vascularity and blood vessels maturation upon heparanase overexpression. G, H Wound 
angiogenesis. Sections from control (Con.; G) or heparanase-treated (Hepa; H) full-thickness incision wound were stained 
with anti-smooth muscle actin antibody. Note a marked increase of blood vessel maturation upon heparanase treatment 


gis-Velitski et al. 2004a). This effect occurred both 
in the presence and the absence of HS on the cell 
surface, was independent of heparanase enzymatic 
activity, and was augmented by heparin (Gingis- 
Velitski et al. 2004a). At the cellular level, heparan- 
ase addition stimulated PI 3-kinase-dependent EC 
migration and invasion and significantly improved 
EC rearrangement into lumen-containing tube-like 
structures (Gingis-Velitski et al. 2004a) (Fig. 14.5). 
These observations imply that heparanase is capable 
of eliciting angiogenic responses by a direct effect 
on EC. The ability of heparanase to stimulate Akt 
phosphorylation suggests that heparanase may pro- 
tect tumor cells from apoptosis (Cohen et al. 2006), 
although the survival-promoting mechanism has 
not been sufficiently elucidated. The ability of exog- 
enously added heparanase to activate signal trans- 
duction cascades, and its augmentation by heparin 
may indicate the existence of a cell surface heparan- 
ase receptor (Fig. 14.2, HBP), possibly LRP (Vreys 
et al. 2005), yet this aspect awaits further research 
and proper confirmation. 


14.3.2.3 
VEGF Induction and Src Activation 


In addition to the above-described pro-angiogenic 
effects attributed to heparanase enzymatic and non- 
enzymatic activities, heparanase is also closely in- 
volved in VEGF gene regulation. Transfection and 
overexpression of heparanase in rat C6 glioma, 
MDA-MB-435 human breast carcinoma and human 
embryonic kidney HEK293 cells were accompanied 
by a three- to sixfold increase in VEGF mRNA and 
protein levels, correlated with enhanced Matrigel 
and tumor xenograft vascularization (Zetser et al. 
2006). Moreover, transfection of the highly meta- 
static mouse B16-BL6 melanoma cells with hepa- 
ranase-specific siRNA resulted in a 75% decrease in 
both heparanase mRNA and VEGF levels. This im- 
plies that endogenous heparanase is intimately in- 
volved in VEGF gene regulation. Interestingly, VEGF 
elevation by heparanase correlated with increased 
p38 phosphorylation levels, a signaling pathway 
implicated in VEGF induction (Zetser et al. 2006). 
Nonetheless, p38 inhibitors had no effect on hepa- 
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ranase-mediated VEGF upregulation, suggesting 
the operation of another signaling pathway(s) elic- 
ited by heparanase. Screening of several additional 
inhibitors led to the identification of Src, a kinase 
that was shown to modulate VEGF transcription 
(Ellis et al. 1998; Jiang et al. 1997; Mukhopadhyay 
et al. 1995), as a mediator of VEGF upregulation 
by heparanase. Moreover, Src inhibitors prevented 
VEGF induction by heparanase and significantly at- 
tenuated cell migration enhanced by heparanase, 
positioning Src as a critical downstream component 
that mediates heparanase functions (Zetser et al. 
2006). VEGF induction and Src activation require 
heparanase secretion that was recapitulated by ex- 
ogenous addition of the enzyme. Importantly, Src ac- 
tivation was noted also upon exogenous addition of 
point-mutated (Glu??5, Glu>#7) heparanase that lacks 
enzymatic activity. Thus, heparanase exerts enzy- 
matic activity-dependent (i.e., release of bFGF) and 
-independent (i.e., VEGF induction) pro-angiogenic 
effects. Given the large number of Src substrates, 
molecules other than VEGF are expected to be af- 
fected in response to Src activation. Indeed, phos- 
phorylation of the catenin family member p120cat, 
a protein that was originally identified as a Src sub- 
strate, was markedly increased upon heparanase 
overexpression, in a Src-dependent manner (Zetser 
et al. 2006), likely representing only one example of 
Src substrates activated in response to heparanase 
overexpression. Overexpression of heparanase was 
also noted to upregulate cyclooxygenase-2 (COX-2) 
mRNA and protein in esophageal cancer cells, sug- 
gesting an involvement in COX-2-mediated tumor 
angiogenesis (Okawa et al. 2005). It therefore ap- 
pears that in addition to its pro-metastatic function, 
heparanase affects several key components in tumor 
progression, resulting in increased blood vessel den- 
sity and maturation, enhanced tumor cell motility, 
and activation of signaling mediators that govern 
tumor cell proliferation (i.e., Src) and survival (Akt). 
Collectively, these effects position heparanase as an 
attractive target for the development of anti-cancer 
drugs. 
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Inhibitory Molecules and 
Clinical Considerations 


Attempts to inhibit heparanase enzymatic activ- 
ity were initiated in the early days of heparanase 
research, in parallel with the emerging clinical 
relevance of this activity. More recently, with the 
availability of recombinant heparanase and the 
establishment of high-throughput screening meth- 
ods, a variety of inhibitory molecules have been 
developed, including neutralizing antibodies, pep- 
tides, small molecules and modified non-antico- 
agulant species of heparin, as well as several other 
polyanionic molecules, such as laminaran sul- 
fate, suramin and PI-88 (Ferro et al. 2004; Simizu 
et al. 2004a). PI-88 (phosphomannopentaose sul- 
fate) exhibits anti-angiogenic, anti-metastatic, and 
anti-restenotic activities (Parish et al. 1999) and is 
undergoing phase II clinical trials for treatment 
of melanoma, myeloma and lung carcinoma (see 
Khachigian and Parish 2004 for recent review). 
This drug, which is composed primarily of sul- 
fated phosphomannopentaose and phosphoman- 
notetraose oligosaccharide units, was comparable 
with heparin in terms of its heparanase-inhibit- 
ing activity (Simizu et al. 2004a). PI-88, however, 
interferes with the action of HS-binding growth 
factors such as FGF-], FGF-2, and VEGF, making 
interpretation regarding specificity and mode of 
action questionable, similar to other polyanionic 
compounds (Miao et al. 1999). 

Suramin is a polysulfonated naphthyl urea, 
mimicking HS and having antineoplastic effects 
attributed to its ability to inhibit cell proliferation 
and block angiogenesis (Stein 1993). Suramin and 
chemically modified species of suramin exhibit 
a remarkable inhibitory activity toward mela- 
noma cell invasion, attributed to its potent hepa- 
ranase-inhibiting function (Marchetti et al. 2003; 
Nakajima et al. 1991). Suramin, however, has not 
been widely used due to its significant toxic effects 
in humans, including neurotoxicity, renal toxicity, 
adrenal insufficiency, and anticoagulant-mediated 
blood dyscrasias (Stein 1993). 


14.4.1 

Modulation of the Heparanase-Inhibiting 
Activity of Heparin Through 

Selective Desulfation, Graded N-Acetylation, 
and Glycol Splitting 


Heparin is widely used as an anticoagulant for can- 
cer patients at risk for venous thrombo-embolism. 
Recent clinical trials with low-molecular-weight 
heparin (LMWH) and meta-analyses of earlier clini- 
cal trials with unfractionated heparin indicate that 
heparin also exerts an anti-metastatic effect (Castelli 
et al. 2004; Kragh and Loechel 2005; Thodiyil and 
Kakkar 2002). Animal studies using non-anticoagu- 
lant species of heparin indicate that it is possible 
to separate the anti-metastatic and anticoagulant 
activities of heparin. The use of native heparin as 
an anti-metastatic agent is limited due to its potent 
anticoagulant activity. Non-anticoagulant heparins 
are of clinical potential because they could be ad- 
ministered at higher doses, thereby fully exploiting 
the anti-metastatic component of heparin, and be- 
cause they could be applied to cancer patients with 
bleeding complications, where the use of heparin 
is precluded. The mechanism by which non-anti- 
coagulant heparin inhibits metastasis is not fully 
understood. One possibility is that heparin inhib- 
its metastasis by blocking platelet--tumor cell in- 
teractions, thereby inhibiting aggregates of tumor 
cells from lodging in the microvasculature (Borsig 
et al. 2001). Non-anticoagulant heparin also inhib- 
its selectin-mediated cell-cell interactions (Borsig 
2004), thus preventing, for example, extravasation of 
blood-borne cells. It stimulates tissue factor pathway 
inhibitor (TFPI) release and inhibits inflammatory 
responses (Thodiyil and Kakkar 2002). These ef- 
fects, the inhibition of heparanase enzymatic activ- 
ity and the encouraging animal studies and clinical 
trials clearly warrant further investigation of non- 
anticoagulant heparins as a promising therapeutic 
strategy for the inhibition of cancer metastasis. 

As an analog of its natural HS substrate, hepa- 
rin is commonly considered as a potent inhibitor 
of heparanase (Bar-Ner et al. 1987). This activity is 
attributed, in part, to its high-affinity interaction: 


with the enzyme and limited degradation, serving 
as an alternative substrate (Nasser et al. 2006). Early 
reports showed that heparin and some chemically 
modified species of heparin inhibit experimental 
metastasis in animal models, while other related 
compounds (e.g., chondroitin sulfate, carrageenan- 
xK, hyaluronic acid) that lack heparanase-inhibit- 
ing activity fail to exert an anti-metastatic effect 
(Nakajima et al. 1988; Parish et al. 1987; Vlodavsky 
et al. 1994). Screening of heparin derivatives permit- 
ted identification of some of its structural features 
associated with inhibition of the enzyme. We have 
analyzed the heparanase-inhibiting effect of hepa- 
rin derivatives differing in degrees of 2-O- and 6- 
O-sulfation, N-acetylation, and glycol splitting of 
non-sulfated uronic acid residues (Naggi et al. 2005). 
The contemporaneous presence of sulfate groups at 
O-2 of IdoA and O-6 of GlcN was not essential for 
effective inhibition of heparanase activity, provided 
that one of the two positions retained a high degree 
of sulfation. N-desulfation/N-acetylation led to a 
marked decrease in inhibitory activity, suggesting 
that at least one NSO3 group per a disaccharide unit 
is involved in interaction with the enzyme. On the 
other hand, glycol splitting of preexisting or of both 
preexisting and chemically generated non-sulfated 
uronic acids dramatically increased the heparan- 
ase-inhibiting activity of N-acetylated heparin, ir- 
respective of the degree of N-acetylation (Naggi 
et al. 2005). In fact, N-acetylated heparins in their 
glycol-split forms inhibit heparanase as effectively 
as the corresponding N-sulfated derivatives. While 
heparin and N-acetyl heparins containing unmodi- 
fied GlcA residues inhibit heparanase by acting, at 
least in part, as substrates, their glycol-split deriva- 
tives are no longer susceptible to cleavage by hepa- 
ranase (Naggi et al. 2005). It appears that formation 
of glycol-split residues generates three additional 
degrees of rotational freedom per each split resi- 
due, thus facilitating docking of heparin sequences 
to sites essential for heparanase activity. Notably, 
glycol-split N-acetyl heparins exhibit a marked de- 
crease in the ability to release FGF-2 from ECM and 
to stimulate its mitogenic activity. Moreover, glycol- 
splitting involves substantial loss of the anticoagu- 
lant activity of heparin due to a complete loss of the 
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heparin affinity for antithrombin (Casu et al. 2002). 
Collectively, the combination of high inhibition of 
heparanase, lack of anticoagulant activity and low 
release/potentiation of ECM-bound FGF-2 points 
to N-acetylated, glycol-split heparins as potential 
antiangiogenic and antimetastatic agents, more ef- 
fective and specific than their counterparts with un- 
modified backbones (Naggi et al. 2005). 


14.4.2 
Other Inhibitory Strategies 


An attractive approach for the inhibition of hepa- 
ranase is the development and use of neutralizing 
monoclonal antibodies to the protein. Recently, a 
monoclonal antibody has been reported which ef- 
fectively abolishes the activity of recombinant hepa- 
ranase. Three companies entered into an alliance 
to develop monoclonal antibodies to heparanase, 
and the lead antibody (OGS-MDX-001) has already 
entered pre-clinical safety assessment (Al-Sarraf 
et al. 1998). Random, high-throughput screening of 
chemical libraries and microbial metabolites and ra- 
tional design of compounds that block the active site 
or ligand-binding domain of heparanase are among 
the other approaches applied to develop effective 
heparanase inhibitors (Ferro et al. 2004; Pan et al. 
2006; Simizu et al. 2004a). Natural endogenous hep- 
aranase inhibitors may also be identified. It would 
seem plausible that further defining the heparan- 
ase substrate specificity, catalytic and non-catalytic 
activities and the enzyme X-ray crystal structure 
would be invaluable for pursuing a more ‘rational’ 
approach to develop effective and highly specific 
heparanase-inhibiting molecules. 


Conclusions and Perspectives 


Although significant progress has been made dur- 
ing the past several years in understanding hepa- 
ranase biology, there is much to be learned. Ac- 
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cumulation of compelling evidence implies that 
the enzyme is upregulated in primary human tu- 
mors and inversely correlates with survival rate of 
cancer patients post operation. While angiogen- 
esis is the primary ‘suspect’ that governs hepa- 
ranase-mediated tumor progression, this mode of 
action and the related clinical applications await 
further confirmation and require new molecular 
tools such as small inhibitory molecules, neutral- 
izing antibodies and more stable, flexible and spe- 
cific heparanase-inhibiting species of heparin and 
other saccharides. Although a few mechanisms that 
promote heparanase induction under pathological 
conditions have been reported, heparanase regula- 
tion at the transcriptional level requires further 
investigation. The ability of heparanase to func- 
tion in a manner apparently independent of enzy- 
matic activity, noted in several experimental set- 
tings (Gingis-Velitski et al. 2004a; Goldshmidt et al. 
2003; Sotnikov et al. 2004; Zetser et al. 2003, 2006), 
is intriguing and affects the way the protein is en- 
visioned. Thus, while attention was mainly focused 
on compounds that inhibit heparanase enzymatic 
activity, no information is available on protein do- 
mains responsible for the non-enzy matic functions 
of the heparanase molecule. In this respect, identi- 
fication of a putative heparanase receptor is a major 
future challenge. Another important objective is 
the establishment of a reliable diagnostic assay to 
monitor heparanase levels and activity in plasma 
and urine of cancer patients by mean of a sen- 
sitive, high-throughput activity assay and ELISA 
method. The secreted nature of the enzyme and 
its induction in primary human tumors predict 
that under certain conditions the protein is pres- 
ent in body fluids. It is conceivable that elevated 
levels of heparanase are found in the plasma and/or 
urine of cancer patients, as well as in other patho- 
logical disorders such as diabetes (Katz et al. 2002; 
Levidiotis et al. 2004b; Shafat et al. 2006). Induc- 
tion of heparanase already at early phases of cancer 
progression supports an important diagnostic and, 
possibly, prognostic value of such assays. 

Recent publications clearly imply that hepa- 
ranase may be involved in pathological condi- 
tions other than cancer. An intriguing example is 


the observation that heparanase-overexpressing 
transgenic mice escaped amyloid deposition in 
experimental models of inflammatory-associated 
amyloidosis (Li Jin-Ping et al. 2004) and prion dis- 
ease (our unpublished observations). The possible 
involvement of heparanase in degenerative diseases 
such as Alzheimer’s disease is only just starting to 
emerge and should be perused. Likewise, the causal 
involvement of heparanase in diabetic nephropa- 
thy (Levidiotis et al. 2005), autoimmunity (Lider 
et al. 1989) and inflammatory disorders (Edovitsky 
et al. 2006) should be investigated. 

Functional domains other than the basic 
heterodimer structure (Fairbanks et al. 1999; 
Levy-Adam et al. 2003; McKenzie et al. 2003) and 
amino acids (Glu**’, Glu*#) critical for the enzyme’ 
catalytic activity (Hulett et al. 2000), have not yet 
been identified in the heparanase protein, making 
screens for inhibitory molecules random in nature. 
The identification of heparin-binding domains 
(Levy-Adam et al. 2005) and the ability of the cor- 
responding KKDC peptide, especially when ap- 
plied as a dimer, to inhibit heparanase enzymatic 
activity (Levy-Adam et al. 2005; Zetser et al. 2004), 
clearly emphasize the need for crystallization and 
accurate understanding of the 3D structure of the 
enzyme toward an efficient drug development pro- 
gram. 

While it is now well accepted that a single ac- 
tive heparanase enzyme is expressed by mammals, 
heparanase splice variants have recently been 
characterized in the Mole rat (Nasser et al. 2005). 
Although expected, due to the appearance of at 
least two mRNA transcripts in Northern blot anal- 
ysis (Hulett et al. 1999), the existence of the same 
or other splice variants in mammals has not been 
confirmed, and their role has not been established. 
The heparanase system may be envisaged to include 
heparanase 1 and its splice variants, the three splice 
variants of heparanase 2 (McKenzie et al. 2000), the 
heparanase-processing protease and, possibly, the 
heparanase cell surface receptor. More informa- 
tion will enable the development of new inhibitory 
strategies directed against the enzyme’s enzymatic 
and non-enzymatic functions, altogether offering 
better therapeutic opportunities. 
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Abstract 


Maturation of new vessels involves interaction 
of vascular endothelial cells with surrounding 
mura! cells, namely smooth muscle cells or 
pericytes. In this chapter we will focus on the 
role of pericytes, as well as the various factors 
secreted by pericytes, in promoting microvas- 
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cular growth, differentiation and function. We 
will discuss perivascular cell contributions to 
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Introduction 


15.1.1 
Vascular Development 


Blood vessels have at least two major structural com- 
ponents: the vessel intima, composed of a single layer 
of endothelial cells surrounding the vessel lumen, and 
the vessel wall, primarily composed of mural cells ap- 
posing the abluminal surface of the endothelium. Ves- 
sel formation, therefore, must involve both formation 
of an endothelial cell tube and association of mural 
cells with the endothelium. In larger vessels - arteries, 
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large arterioles and veins - the mural cells are smooth 
muscle; in the microvessels - precapillary arterioles, 
capillaries and postcapillary venules - the mural cells 
are pericytes. The interactions between mural cells 
and endothelial cells play critical roles in promoting 
maturation, stability and normal function of blood 
vessels. 

There are two processes by which new blood vessels 
form: vasculogenesis and angiogenesis. Vasculogen- 
esis is the de novo formation of blood vessels from en- 
dothelial precursor cells. This process forms the initial 
vascular network during embryonic development and 
contributes to subsequent vessel formation in some 
tissues. Angiogenesis, on the other hand, describes the 
sprouting of new vessels from a pre-existing vascular 
network, Angiogenesis involves degradation of the 
basement membrane surrounding the original vessel, 
proliferation and migration of endothelial cells to form 
a new vessel sprout, and recruitment of mural cells. A 
mature microvessel is characterized histologically by 
its association with mural cells and surrounding base- 
ment membrane. Further sprouting or regression of 
vessels may follow formation of an initial vessel net- 
work, as determined by tissue needs, and surviving 
vessels acquire hierarchical characteristics of arteri- 
oles, capillaries or venules. Enlargement of vessels to 
accommodate increased blood flow, a process called 
arteriogenesis, can also occur subsequent to formation 
of the initial vascular network (reviewed in Carmeliet 
2000). 


15.1.2 
Mural Cells 


Pericytes and smooth muscle cells play critical support 
roles for their respective vessels. While certain distinc- 
tions can be made between the phenotypes of these two 
mural cell types, in fact they have similar origins and 
locations relative to the vascular endothelium. 


15.1.2.1 
Mural Cell Origin 


Mural cells that associate with a new vessel either dif- 
ferentiate from surrounding precursor cells or migrate 


out from a pre-existing vessel. Mural cell precursors 
are most commonly found in the mesenchyme sur- 
rounding the new vessel, though neural crest and epi- 
cardial progenitors may contribute to the mural cells 
associated with vessels of the forebrain and coronary 
vessels, respectively (reviewed in Gerhardt and Bet- 
sholtz 2003). Differentiation of mesenchymal cells 
into pericytes or smooth muscle cells involves contact 
with the endothelial cells and subsequent activity of 
transforming growth factor B-1 (TGFBI; reviewed in 
Lebrin et al. 2005). Pericytes may also originate from 
bone marrow-derived precursor cells or transdiffer- 
entiate from endothelial cells (reviewed in Armulik et 
al. 2005), though the exact mechanisms that regulate 
these differentiation processes are poorly understood. 
In addition to these pericyte sources, mural cells of 
pre-existing vessels can migrate onto the new vessel 
during angiogenic vessel sprouting, a process most 
likely mediated by platelet-derived growth factor-B 
(PDGF-B; reviewed in Darland and D'Amore 2001). 


15.1.2.2 
Mural Cell Location 


Although endothelial cell morphology is similar in 
vessels of varying size, mural cell structure and density 
change depending on the vessel type. Mural cells form 
a continuum from arterial smooth muscle to pericytes 
to venous smooth muscle along the vascular tree. Ar- 
teries and veins have vessel walls largely composed of 
smooth muscle cells, which form a continuous layer 
around the endothelium. Pericytes, on the other hand, 
are discontinuous, and extend processes both around 
and along the microvessels, with process patterns dif- 
fering between arterioles and venules (Fig. 15.1a). Peri- 
cyte processes often associate with several endothelial 
cells along a vessel, and may even extend between ves- 
sels (reviewed in Allt and Lawrenson 2001). 

In contrast to smooth muscle cells, which com- 
pletely encase the vascular endothelium, the degree 
of pericyte coverage of vessels depends on the tissue 
location and vessel type. In rats, pericyte coverage of 
the abluminal endothelial surface in capillaries ranges 
from 11% in cardiac muscle to 48% in retinal capil- 
laries, and postcapillary venules typically have more 
pericytes than do capillaries (reviewed in Sims 1991). 
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Fig. 15.1a,b. Pericytes in the microvasculature. (a) Pericytes of the the rat retinal vessels at postnatal day 15 are labeled with 
NG2 proteoglycan (green fluorescence). A, arteriole; V, venule; scale bar 25 um. Copyright 2005, Microcirculation (Chan-Ling 
and Hughes 2005). (b) Photograph of a skin capillary which shows a red blood cell and previously injected colloidal carbon 
particles in the lumen. Two endothelial cells are connected by interendothelial cell junctions. A pericyte encloses a large 
portion of the capillary. E, endothelial cell; P, pericyte; B, basement membrane. Photo courtesy of Ann Dvorak, Beth Israel 


Deaconess Medical Center, Boston, MA. 


In rat skeletal muscle, for example, 81% of the venule 
surface is covered by pericytes, compared to 21% for 
capillaries (reviewed in Sims 1991). Vessel pressure 
might also influence pericyte coverage, as venules in 
the more inferior regions of the torso and legs, which 
experience greater venous pressure due to gravity, have 
increased coverage by pericytes compared to venules 
in other regions of the body (reviewed in Sims 2000). 
These differences in pericyte density may contribute 
to the maturation of microvessels into arterioles, capil- 
laries and postcapillary venules. 


15.1.3 
Pericytes 


As most vessel growth and maturation involves mi- 
crovessels, we will focus on the roles of pericytes 
in vascular development. It should be noted again, 


however, that smooth muscle cells and pericytes 
exist in a continuum along the vasculature. These 
cells originate from the same precursor cells, ex- 
press similar proteins, and can even transition 
from smooth muscle to pericyte and from pericyte 
to smooth muscle (reviewed in Gerhardt and Bet- 
sholtz 2003). 


15.1.3.1 
Pericyte-Endothelial Cell Communication 


Pericytes are in particularly close contact with the 
endothelium, and this interaction is critical for ves- 
sel maturation. Pericytes reside within the endothe- 
lial basement membrane (Fig. 15.1b) and contribute 
to this matrix. Pericytes and endothelial cells also 
make direct contact through openings in the base- 
ment membrane, forming peg-and-socket contacts 
that contain gap junctions and adherens junctions 
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(reviewed in Gerhardt and Betsholtz 2003). Interest- 
ingly, these sites of direct contact primarily occur 
at junctions between endothelial cells (reviewed in 
Allt and Lawrenson 2001). Certain aspects of ves- 
sel maturation require this direct contact between 
endothelial cells and pericytes, while other aspects 
depend on factors secreted by vascular cells. Vessel 
growth and function therefore depends not only on 
pericyte proximity, but also on the timing, amount 
and localization of growth factors secreted by endo- 
thelial cells and pericytes. 


15.1.3.2 
Pericyte Identification 


There are two commonly used techniques for iden- 
tifying pericytes: electron microscopy and immuno- 
histochemistry. Pericytes are morphologically unique 
in that they are encased within the capillary basement 
membrane (Fig. 15.1b). Electron microscopy is not 
practical for examining large regions of the vascula- 
ture, however, and the basement membrane has not 
yet completely formed in vessels at early stages of 
development. 

Pericytes may also be identified by immunolocal- 
ization of one or more marker proteins. No single 
protein is expressed solely by pericytes, and overlap 
is seen in protein expression between pericytes and 
smooth muscle cells. Protein expression combined 
with proximity to microvessels does, however, ade- 
quately identify pericytes in most vessel beds. Marker 
proteins expressed by pericytes include aminopepti- 
dase A, desmin, NG2 proteoglycan, PDGFRB, regula- 
tor of G-protein signaling-5 (RGS5) and, sometimes, 
aSMA (Table 15.1) (Hughes and Chan-Ling 2004; 
reviewed in Darland and D'Amore 2001; Gerhardt and 
Betsholtz 2003). In many cases, these proteins are also 
expressed by smooth muscle cells, though perhaps 
at different levels. NG2 proteoglycan, for example, 
is expressed at much lower levels in smooth muscle 
cells than in pericytes (Hughes and Chan-Ling 2004). 
Marker proteins that are expressed by smooth muscle 
cells, but not by pericytes, include caldesmon and cal- 
ponin (Hughes and Chan-Ling 2004). 

Variability of marker protein expression can oc- 
cur within pericyte populations, depending on the 


Table 15.1. Markers of mural cells 


Marker protein Smooth muscle cells Pericytes 


a-Smooth muscle actin + +/- 
Aminopeptidase A 
Caldesmon 
Calponin 

Desmin 

NG2 proteoglycan 
PDGF receptor B 
RGS5 


+ + + + + + + 


+ + + + 


maturity of the vessel and the location of the vessel 
bed. For example, many studies of pericyte function 
have used OSMA as a pericyte marker, but in fact 
this protein is expressed by only a small proportion 
of pericytes in the adult retina (Hughes and Chan- 
Ling 2004), and is not expressed at all by pericytes 
associated with early retinal angiogenesis (Witmer 
et al. 2004) or with brain capillaries of the smallest 
diameter (Hellstrém et al. 1999). Aminopeptidase A 
is strongly expressed by pericytes in angiogenic ves- 
sels, but expression is weak or absent in pericytes of 
normal, stable vessels (Marchio et al. 2004), and while 
NG2 proteoglycan is expressed at all stages of retinal 
pericyte development, expression levels are decreased 
in the adult retina compared to the developing retina 
(Hughes and Chan-Ling 2004). Identification of all 
pericytes in a tissue may therefore require utilization 
of a panel of pericyte markers. 


15.1.3.3 
Pericyte Functions 


Smooth muscle cells clearly have contractile roles, 
but the functions of pericytes in the microvasculature 
are more complex. Various studies have shown that 
pericytes can contract in vitro, though there is little 
evidence indicating that this occurs in vivo (reviewed 
in Allt and Lawrenson 2001). Pericytes can function 
as phagocytes, particularly in the central nervous 
system, and may also serve as a smooth muscle 
stem cell population to be utilized for arteriogenesis 


(reviewed in Gerhardt and Betsholtz 2003). Perhaps 
most importantly, pericytes are involved with regula- 
tion of vessel formation, stability and function. Peri- 
cyte processes extend to multiple endothelial cells 
and sometimes even to multiple capillaries, and peri- 
cyte-derived growth factors affect vessel maturation 
and function. 


Pericytes in Angiogenesis and 
Vessel Maturation 


15.2.1 
Pericytes in Vessel Formation 


It has long been believed that pericytes are recruited 
to capillaries after formation of endothelial sprouts, 
either by differentiation from surrounding mesen- 
chymal precursors or by migration from the mural 
wall of the adjacent vessel (reviewed in Gerhardt and 
Betsholtz 2003). Formation of the endothelial cell 
tube prior to pericyte recruitment may always oc- 
cur for vasculogenesis, but evidence is accumulating 
that pericytes may sometimes precede endothelial 
cells in angiogenesis. Individual pericytes can be 
found at the tips of angiogenic sprouts in the corpus 
luteum (reviewed in Gerhardt and Betsholtz 2003), 
and pericyte sleeves occasionally extend beyond the 
endothelial sprout tip in tumors and in the develop- 
ing retina (Morikawa et al. 2002; Ozerdem and Stall- 
cup 2003). In addition, pericyte processes connect 
adjacent vessels prior to formation of anastamoses 
(Nehls et al. 1992). A leading role for pericytes in 
angiogenesis would not be surprising, given that 
vascular endothelial growth factor A (VEGF), a pro- 
angiogenic factor secreted by pericytes exposed to 
hypoxia (Yamagishi et al. 1999), stimulates prolif- 
eration and migration of endothelial cells. The exact 
timing of pericyte arrival at a vessel sprout may 
therefore vary, but subsequent association of peri- 
cytes with the endothelium is undeniably a critical 
component of vessel maturation. 
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15.2.2 
Pericyte Investment of Vessels 


The endothelium plays an active role in recruit- 
ment of pericytes through secretion of various 
factors (Fig. 15.2). The best-understood means of 
recruiting pericytes involves activity of PDGF- 
B, a factor produced by sprouting endothelial 
cells whose receptor, PDGFRB, is expressed on 
mural cells and mural cell precursors (reviewed 
in Betsholtz 2004). Mice deficient for PDGF-B 
or PDGFRB die during embryonic development 
with widespread microvascular defects. Pericyte 
association with vessels is drastically reduced in 
most tissues of these animals, a finding that is not 
surprising, given that PDGF-B promotes pericyte 
precursor cell proliferation and migration. While 
PDGF-B can be produced by several cell types, 
targeted disruption of PDGF-B in endothelial cells 
demonstrated that endothelial production of this 
factor is required for pericyte recruitment in most 
tissues (reviewed in Betsholtz 2004). 

PDGF-B is clearly not the only factor respon- 
sible for pericyte recruitment, as mice deficient 
for PDGF-B or PDGFRB have normal pericyte 
coverage in the liver perisinusoidal capillaries 
(Hellstrém et al. 1999), About 50% of the normal 
number of pericytes are recruited to capillaries of 
the adrenal gland and the placenta in these mice, 
and even in tissues where more than 90% of the 
normal number of vessel-associated pericytes are 
absent, a small number of pericytes continues to 
be recruited (Hellström et al. 1999). Other fac- 
tors that may contribute to this process, either 
directly or indirectly, include TGFB1, VEGF, and 
nitric oxide (NO). 

PDGF-B is produced by endothelial cells. In 
vitro, this factor stimulates migration of smooth 
muscle cells, pericytes, and mural cell precursors 
(reviewed in Darland and D’Amore 2001). Once 
mesenchymal cells come into contact with endo- 
thelial cells, activation oflatent TGFBI contributes 
to differentiation of precursor cells into pericytes 
or smooth muscle cells (reviewed in Darland and 
D'Amore 2001). As further indication of the im- 
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Fig. 15.2. Model of endothelial cell- 
pericyte interactions in microvascular 
maturation. Abbreviations are ex- 
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portance of TGFB1 for mural cell differentiation, 
embryonic vessels of mice deficient for endoglin, 
a TGFB1 co-receptor, display reduced association 
with smooth muscle cells and pericytes (Li et al. 
1999), 

VEGF, too, can affect pericyte recruitment and 
maintenance. Although this factor is not secreted 
by endothelial cells in vivo, it is expressed by other 
cell types exposed to hypoxia. VEGF directly in- 
duces proliferation and migration of pericytes 
(Yamagishi et al. 1999), and intraocular injec- 
tion of VEGF increases the rate of ~SMA-positive 
pericyte recruitment to the retinal vessels of rats 
(Benjamin et al. 1998). VEGF might also indirectly 


stimulate pericyte recruitment via endothelial 
cell production of NO. VEGF stimulates activ- 
ity of endothelial NO synthase, and the resulting 
NO production mediates numerous VEGF effects, 
including vessel growth and increased vascular 
permeability (reviewed in Duda et al. 2004). NO 
also promotes mural precursor cell migration in 
vitro and pericyte recruitment to tumor vessels 
in vivo (Kashiwagi et al. 2005). It is possible that 
VEGF and/or NO contribute to pericyte recruit- 
ment in tissues that are less-affected by PDGF-B 
deficiency, such as the liver, placenta and adrenal 
gland. 


15.2.3 
Vessel Stabilization 


Pericyte recruitment is a critical step in vascular 
maturation (Fig. 15.2); vessels lacking pericytes are 
dilated and irregularly shaped, and form microan- 
eurysms. Pericyte-free vessels lose distinction be- 
tween arterioles, capillaries and venules, and leak 
fluid and blood into the surrounding tissue (re- 
viewed in Betsholtz 2004). Aspects of vessel stabi- 
lization mediated by pericytes include inhibition of 
endothelial cell proliferation, survival of endothelial 
cells, establishment of hierarchical organization of 
the vasculature, and maintenance of a normal de- 
gree of permeability for the capillary bed. 


15.2.3.1 
Inhibition of Endothelial Proliferation 


Pericytes play a critical role in converting endothe- 
lial cells from a proliferating, angiogenic state to 
a quiescent, stable state. Indeed, vessels with the 
slowest rate of endothelial cell proliferation have the 
greatest association with pericytes and, conversely, 
pathological decreases in pericyte coverage are as- 
sociated with excessive endothelial cell proliferation 
(reviewed in Allt and Lawrenson 2001). Loss of more 
than 50% of the pericytes leads to endothelial cell 
proliferation and microaneurysm formation in mice, 
and similar vascular alterations occur with pericyte 
Joss in the retinas of diabetic humans (reviewed in 
Betsholtz 2004). Furthermore, in mice that have chi- 
meric PDGF-B deficiency, only the vessels lacking 
pericytes display abnormal increases in vessel diam- 
eter, whereas contiguous vessel sections associated 
with pericytes have normal diameter (reviewed in 
Betsholtz 2004). Pericytes are therefore essential for 
inducing quiescence of vascular endothelial cells, a 
process that likely involves activity of TGFBI. 
TGF1, a factor secreted by both endothelial cells 
and pericytes, modulates several aspects of vessel 
stability. TGFB1 can inhibit endothelial cell prolifer- 
ation and migration (reviewed in Lebrin et al. 2005). 
Microvessels of mice deficient for TGFB1 signaling 
components are dilated and irregular in shape, as 
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are vessels associated with the human disorder he- 
reditary hemorrhagic telangiectasia, caused by mu- 
tations in TGFB1 signaling components (reviewed 
in Lebrin et al. 2005). In vitro, pericyte-mediated 
inhibition of endothelial cell proliferation requires 
direct contact between the two cell types, and ab- 
rogation of TGFBI signaling completely blocks this 
inhibitory effect (reviewed in Allt and Lawrenson 
2001). Latent TGFBI is localized to the sites of direct 
endothelial cell-pericyte contact, as are proteolytic 
enzymes that convert TGFB1 to its active form (re- 
viewed in Allt and Lawrenson 2001). Close interac- 
tion between pericytes and endothelial cells, in con- 
junction with TGFBI activation, is therefore critical 
for stabilization of lumen diameter. 


15.2.3.2 
Survival of Endothelial Cells 


Endothelial cell survival in mature vessels is main- 
tained by at least two factors: VEGF and angiopoi- 
etin-1 (Angl). Pericytes that contact endothelial 
cells produce VEGF both in vitro and in vivo, and 
disruption of VEGF signaling results in increased 
apoptosis of both cultured endothelial cells (Dar- 
land et al. 2003) and tumor endothelial cells in vivo 
(Benjamin et al. 1999). Interestingly, tumor vessels 
lacking oSMA-positive pericytes are more sensitive 
to VEGF withdrawal, as evidenced by increased en- 
dothelial apoptosis and vessel regression, compared 
to vessels associated with oSMA-positive pericytes 
(Benjamin et al. 1999). Although «SMA negativity 
does not necessarily mean that pericytes are absent 
(Hughes and Chan-Ling 2004; Witmer et al. 2004), 
this study does point to a role for pericyte-derived 
VEGF in promoting endothelial cell survival. Fur- 
thermore, VEGF is expressed and the VEGF recep- 
tor-1 is constitutively phosphorylated in mature 
vessels of adult animals (Maharaj et al. 2006), in- 
dicating that VEGF signaling occurs even in the 
absence of angiogenesis. Indeed, treatment of adult 
Mice with an inhibitor of VEGF signaling results 
in reduction of the number of tracheal capillaries 
(Baffert et al. 2006). Given that VEGF inhibitors are 
being developed as treatments for diseases ranging 
from age-related macular degeneration to cancer, it 
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will be important to better define the role of VEGF 
in maintenance of the normal vasculature. 

Angl, too, is a pericyte-derived factor that fa- 
cilitates endothelial cell survival. Angl protects 
endothelial cells from a variety of apoptotic stimuli 
(reviewed in Jones et al. 2001). Furthermore, the 
receptor for Angi, Tie2, is both expressed and acti- 
vated in endothelial cells of adult tissues, and Tie2 
inactivation results in endothelial cell apoptosis 
(reviewed in Peters et al. 2004). Mice deficient for 
either Angl or Tie2 die during embryonic develop- 
ment with vascular defects similar to those observed 
for PDGF-B-deficient mice, namely enlarged, leaky 
and hemorrhagic microvessels (reviewed in Jones et 
al. 2001). Taken together, these results support the 
idea that Angl signaling is required to maintain a 
mature, stable vasculature. 

Unlike VEGF, which can stimulate endothelial 
proliferation, Angl is not mitogenic for endothelial 
cells (reviewed in Jones et al. 2001). This character- 
istic, combined with the Ang] effects on vascular hi- 
erarchy and endothelial permeability that will be de- 
scribed below, makes Ang] a particularly promising 
vessel maturation factor for pro-angiogenic thera- 
peutic use. In a mouse model of diabetic retinopathy, 
in which high blood glucose levels ultimately result 
in death of retinal endothelial cells, treatment with 
Angl reduces endothelial apoptosis without causing 
abnormal neovascularization (Joussen et al. 2002), 
Angl might also be used to stabilize vessels in other 
pathologic states. 


15.2.3.3 
Establishment of Hierarchical Vascular Organization 


A mature vascular bed has distinct hierarchical orga- 
nization, with microvessels in the form of arterioles, 
capillaries and venules. Pericytes play an important 
role in establishing this hierarchy. Some aspects of ves- 
sel organization are established even in the absence of 
pericytes, such as increased expression of the protein 
PECAM in arteries compared to veins (Uemura et al. 
2002), but overall distinctions between microvessel 
types are lost in pericyte-free vessels (reviewed in Bet- 
sholtz 2004). Tumor vessels, too, lack microvascular 
hierarchy, perhaps because pericytes are only loosely 


attached to tumor vessels (reviewed in Baluk et al. 
2005). 

One pericyte-derived factor that has been impli- 
cated in vessel organization is Ang]. Treatment with an 
inhibitor of Ang] signaling during retinal development 
results in a retinal microvasculature lacking hierarchi- 
cal organization (Uemura et al. 2002), and deficiency 
for Tie2 prevents vessels from organizing properly into 
arterioles, capillaries and veins (reviewed in Peters et 
al. 2004). When normal vessel hierarchy is lost due to 
absence of pericytes, as when retinal pericyte recruit- 
ment is impaired via blockade of PDGF-B signaling, 
treatment with Angl partially restores hierarchical 
morphology of vessels lacking mural cells (Uemura et 
al. 2002). Interestingly, in mice that overexpress Angl, 
vessels that should be capillaries are the size of venules 
and express venule marker proteins (Thurston et al. 
1999). Furthermore, the mural cells associated with 
these vessels have the morphological characteristics of 
venule pericytes rather than capillary pericytes (Thur- 
ston et al. 1999). Angi clearly plays a role in regulat- 
ing hierarchical organization of the vasculature; it re- 
mains to be determined which other factors might also 
participate in this process. 


15.2.3.4 
Reduction of Vascular Permeability 


Capillaries in most tissues are selectively permeable, 
a characteristic promoted by pericytes. Indeed, one of 
the hallmark defects of vessels lacking pericytes, both 
in mice and in humans, is increased vascular leaki- 
ness (reviewed in Betsholtz 2004). Perhaps the most 
potent anti-permeability factor in the microvascula- 
ture is Angl. Treatment with Angl restores normal 
permeability of vessels lacking pericytes (Uemura et 
al. 2002), and Ang] greatly reduces leakiness of vessels 
exposed to inflammatory factors such as mustard oil, 
platelet-activating factor and serotonin (Thurston et al. 
1999). An alternate name for VEGF is vascular perme- 
ability factor; Ang] also counteracts VEGF-induced 
endothelial leakiness (Thurston et al. 1999). Consti- 
tutive, pericyte-mediated Angl signaling in mature 
vessels may therefore help to maintain the vessel in a 
non-leaky state, in addition to promoting endothelial 
cell survival. 


15.2.4 
Vessel Bed Remodeling: 
Angiogenesis and Regression 


Vessel bed remodeling occurs in response to en- 
vironmental conditions, particularly oxygen ex- 
cess or insufficiency. Interestingly, to complete 
formation of a functional vessel bed, it may be 
necessary to first make existing vessels less ma- 
ture via alterations in pericyte-endothelial cell 
communication (Fig. 15.2). Induction of pericyte 
dissociation accelerates vascular regression dur- 
ing retinal exposure to hyperoxia (Benjamin et 
al. 1998). Although it is possible for pericyte-in- 
vested capillaries to regress (Hughes and Chan- 
Ling 2004), tumor vessels associated with 6SMA- 
positive pericytes are less susceptible to regression 
than are vessels lacking these pericytes (Benjamin 
et al. 1999). Pericyte dissociation also promotes 
angiogenic vessel growth. Retinal vessels that are 
not associated with pericytes display a greater an- 
giogenic response to hyperoxia than do pericyte- 
associated vessels (Wilkinson-Berka et al. 2004), 
and angiogenesis is increased in retinal vessels 
with reduced pericyte coverage in a rodent model 
of diabetic retinopathy (Enge et al. 2002). This 
is not surprising, given that pericyte association 
with endothelial cells inhibits endothelial prolif- 
eration. 

Pericyte dissociation from vessels may be phys- 
iologically mediated by angiopoietin-2 (Ang2), an 
endothelial cell-derived inhibitor of Angl signal- 
ing. Ang2, like Angl, binds to the receptor Tie2, but 
in most cases does not cause Tie2 autophosphory- 
lation (reviewed in Peters et al. 2004). Ang2 can 
act as a competitive inhibitor of Angl signaling, 
abrogating Angl-mediated Tie2 phosphorylation 
and endothelial cell migration. Further evidence 
for the antagonistic role of Ang2 in Ang] signaling 
is the observation that Ang2-overexpressing mice 
display a phenotype similar to that of Tie2-defi- 
cient animals (reviewed in Peters et al. 2004). 

Ang2 expression levels are highest in tissues 
undergoing angiogenesis and regression (re- 
viewed in Peters et al. 2004). During angiogenesis, 
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Ang2 is expressed by endothelial cells located at 
the leading edge of proliferating vessels. Angl, on 
the other hand, is expressed behind the leading 
edge of angiogenic vessels, a position consistent 
with vessel maturation (reviewed in Peters et al. 
2004). VEGF increases production of Ang2, and 
Ang2 overexpression by endothelial cells results 
in dissociation of pericytes from vessels (Zhang 
et al. 2003). Pericyte dissociation of diabetic reti- 
nopathy, too, can be mimicked by treatment with 
Ang2 (reviewed in Hammes 2005). 

Ang2 activity is associated not only with peri- 
cyte dissociation, but also with vessel growth and 
regression. Proliferating vessels of retinal develop- 
ment or a mouse model of retinopathy of prematu- 
rity increase angiogenesis when treated with Ang2 
(Oshima et al. 2005), and treatment with another 
antagonist of Angl results in increased vascular 
proliferation during relative hypoxia in retinopa- 
thy of prematurity (Hoffmann et al. 2005). Vessel 
regression, too, can be enhanced by Ang2, as was 
observed when Ang2 was overexpressed in a model 
of ischemic retinopathy (Oshima et al. 2005). In- 
terestingly, mature, stable vessels are largely unaf- 
fected by Ang2. The effects of Ang2 may therefore 
depend on the microenvironment; for example, 
Ang2 expression in the presence of high VEGF 
levels or hypoxia promotes angiogenesis, whereas 
Ang2 in the presence of low VEGF levels promotes 
vessel regression (Fig. 15.2). 


Physiological Alterations in 
Vessel Permeability 


The architecture of the microvasculature is spe- 
cialized to meet the metabolic and functional 
needs of the tissues that it supplies (Fig. 15.2). 
At opposite ends of the spectrum are the barrier 
functions of the central nervous system microvas- 
culature and the fenestrated capillaries of a num- 
ber of filtering and secretory organs, including the 
kidney, pancreas and choroid plexus. 


281 


282 


A. M. Goodwin and P. A. D'Amore 


15.3.1 
Blood-Brain Barrier 


The blood-brain barrier functions to maintain a 
constant ionic milieu and to protect the nervous 
system froma variety of injurious agents, including 
toxins, pathogens and immune cells. The barrier 
function of the central nervous system microvas- 
culature is mediated by extensive inter-endothelial 
tight junctions, alow rate of endothelial pinocytosis 
and transcytosis, and the expression of specialized 
cell surface transporters and receptors on the cap- 
illary endothelial cells. In addition, the astrocytes, 
which extend end feet onto the abluminal capillary 
surface (Fig. 15.3a), express cell surface receptors 
and enzymes that contribute to maintaining ionic 
homeostasis (reviewed in Benarroch 2005). Loss 
of barrier function is associated with a number 
of pathologies such as stroke, Alzheimer’s disease 
and multiple sclerosis. In spite of its critical role in 
promoting the health and function of the nervous 
system, very little is known about the molecular 
regulation of barrier function development and 
maintenance. 

A significant body of experimental data points 
to a role for astrocytes in the induction of barrier 
function (reviewed in Haseloff et al. 2005). Early 
tissue culture studies have demonstrated that me- 
dium conditioned by astrocytes can induce tight 
junction formation in capillary endothelial cells 
(Arthur et al. 1987). Subsequent characterization of 
astrocyte-endothelial interactions have identified 
a number of factors that can modulate the expres- 
sion of tight junctions and/or transendothelial per- 
meability, including TGFB1. TGFBI has been shown 
to induce the expression of occludin and gamma- 
glutamyl transferase by endothelial cells (Garcia 
et al. 2004). In addition, Src-suppressed C-kinase 
substrate (SSeCKS) has been reported to induce as- 
trocyte expression of Angl and increase occludin 
expression by endothelial cells (Lee et al. 2003). Not 
surprisingly, the effects between endothelial cells 
and astrocytes are reciprocal, with interactions be- 
tween the two cell types leading to alterations in 
astrocyte shape and growth (Garcia et al. 2004). 


Pericytes and neurons are also observed in the 
vicinity of the capillary and may influence bar- 
rier function. While the astrocytes have been most 
extensively been studied in this regard, it is worth 
noting that the number of pericytes associated with 
blood-neural barrier capillaries is higher than with 
non-barrier capillaries (reviewed in Sims 1991). 
Pericytes, too, may play a role in the induction and/ 
or maintenance of barrier function. A greater un- 
derstanding of the mechanisms that underlie the 
formation and maintenance of the blood neural 
barrier will be relevant to a variety of pathologies 
characterized by loss of barrier function, includ- 
ing stroke, Alzheimer's disease, brain tumors and 
inflammatory processes such as multiple sclerosis. 


15.3.2 
Fenestrated Microvessels 


There are three types of capillaries: continuous, 
discontinuous and fenestrated. Fenestrae are 
small openings of about 80-100 nm in diameter 
that are covered by a small, non-membranous dia- 
phragm. The basement membrane of endothelial 
cells is continuous over the fenestrae. Fenestrae 
allow greater permeability and the rapid passage of 
macromolecules smaller than plasma proteins. Fe- 
nestrated capillaries are found in the intestine and 
endocrine glands, and a special type of fenestrated 
capillary with no diaphragm is found in the renal 
glomerulus. As is the case for the blood-neural bar- 
rier, there has been a long-standing interest in un- 
derstanding the mechanism by which fenestrated 
capillaries acquire their specializations. 

Early evidence for the influence of the microen- 
vironment came from studies in which culture of 
adrenal cortex capillary endothelial cells on base- 
ment membrane derived from kidney epithelial 
cells was shown to induce the formation of fenes- 
trations (Milici et al. 1985). Many years later, ad- 
ditional insight into the possible mechanism of 
basement membrane-induced fenestrations was 
provided by the presence of VEGF in the basement 
membrane (Esser et al. 1998). In these studies, fe- 
nestrae were induced in epithelial cells transfected 


with VEGF, but not by untransfected cells. Fenes- 
trae also formed in response to epithelial-produced 
basement membranes, but not collagen alone. 
These observations strongly supported a role for 
VEGF in induction of fenestrae, but did not address 
the question of whether maintenance of fenestrae 
also required VEGF. 

VEGF-producing epithelial cells can be ob- 
served in close proximity to fenestrated mi- 
crovessel beds in the adult (Maharaj et al. 2006), 
indicating that VEGF might also be required for 
stabilization of the fenestrated phenotype. In sup- 
port of this concept, pre-eclampsia, a pathology 
characterized by glomerular endothelial dysfunc- 
tion, is associated with excess levels of soluble 
VEGF receptor 1 (Maynard et al. 2003). Interest- 
ingly, the hallmarks of pre-eclampsia, hyperten- 
sion and proteinuria, are also the most common 
side effects of systemic anti-VEGF therapies in 
humans. More recently, the effects of VEGF neu- 
tralization on fenestrations and capillary stability 
have been investigated. Administration of any one 
of a number of VEGF-blocking agents was shown 
to lead to the regression not only of tumor blood 
vessels, but also of normal, fenestrated microves- 
sels in a number of tissues, including pancreatic 
islets, thyroid, adipose, intestinal villi, adrenal 


Fig. 15.3a-c. Microvascular specializations: blood-neural 
barrier and fenestrae. (a) Astrocytes (GFAP staining, red 
fluorescence) extend processes to blood vessels (BS! isolec- 
tin, green fluorescence) in the adult mouse retina. Photo 
courtesy of Scott Plotkin, Schepens Eye Research Institute 
and Massachusetts General Hospital, Boston, MA. (b) These 
scanning electron micrographs demonstrate that endothe- 
lial cells of the glomerular capillaries display fenestrae (left 
panel), and that fenestrations is reduced following treatment 
with Ad-sVEGFR-1, an inhibitor of VEGF signaling (right 
panel). Scale bar 0,5 um. (c) These transmission electron 
micrographs show thin endothelium with fenestrations (ar- 
rowheads, left panel) in islet capillaries, and demonstrate 
endothelial thickening, numerous caveolae and loss of fenes- 
trations result from treatment with AG-013736, an inhibitor 
of VEGF signaling (arrows, right panel). Scale bar 0.3 pm. 
Photographs in b and c are reproduced with permission from 
the American Journal of Physiolology: Heart and Circulatory 
Physiology (Kamba et al. 2006) 
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cortex, pituitary and choroid plexus (Fig. 15.3b, 
c; Kamba et al. 2006). Furthermore, ultrastruc- 
tural analysis revealed that only 7 days of treat- 
ment with VEGF-neutralizing agents could lead 
to the loss of fenestrations in a number of tissue 
beds. The extent of capillary loss varied among 
the tissues, with the greatest capillary loss (more 
than 65%) measured in the thyroid (Baffert et al. 
2006). Interestingly, a majority of the capillaries 
regrew within 2 weeks of withdrawal of the VEGF 
inhibitor. Analysis of the mechanism of capil- 
lary loss revealed a sequence of events that began 
with loss of blood flow followed by the appearance 
of apoptotic capillary endothelial cells, leaving 
"empty sleeves of basement membrane" (Baffert 
et al. 2006). Because some of the inhibitors used 
in these studies (VEGF receptor tyrosine kinase 
inhibitor and sFit-1) are not specific for VEGF and 
can also neutralize the effects of placental growth 
factor, another VEGF family member, the specific 
factor that mediates vessel stability and special- 
ization is not clear. In spite of this caveat, these 
findings, along with clinical observations of the 
side effects of VEGF inhibition and the etiology of 
pre-eclampsia, strongly point to a role for VEGF in 
the maintenance of the adult microvasculature. 


Vessel Maturation in Pathology 


15.4.1 
Pericytes and Disease 


Abnormal pericyte morphology and function have 
been associated with the pathogenesis of a number 
of diseases involving the vasculature. Vessel abnor- 
malities associated with pericyte loss, including mi- 
croaneurysms and increased vessel leakiness, are 
also associated with numerous pathological states 
(reviewed in Sims 1991). Two diseases in which 
pericyte dysfunction is particularly well charac- 
terized are cancer and diabetic retinopathy. 


15.4.1.1 
Cancer 


Tumor vessels differ from normal vessels in many 
ways. Structurally, tumor vessels are irregularly 
shaped, lack a normal hierarchy of vessel types, 
contain endothelial cell protrusions into the vessel 
lumen, and have altered interactions between peri- 
cytes and endothelial cells (Fig. 15.4a; reviewed in 
Baluk et al. 2005). Tumor vessels also display func- 
tional defects, including increases in permeability, 
vessel regression and need for growth factors to 
maintain vascular survival (reviewed in Baluk et 
al. 2005). 

A subset of tumor vessels are clearly imma- 
ture. These vessels have abnormal or decreased 
pericyte coverage, contain proliferating endothe- 
lial cells, and are prone to regression (Gee et al. 
2003). Whereas in normal vessels the pericytes 
and smooth muscle cells tightly appose the endo- 
thelial tube, in tumor vessels the mural cells are 
only loosely associated with the vessels, and are in 
some locations completely dissociated from them 
(Fig. 15.4a; reviewed in Baluk et al. 2005). When tu- 
mors are treated with anti-angiogenic agents, it is 
primarily the immature, pericyte-deficient vessels 
that regress (Gee et al. 2003). Prevention of pericyte 
recruitment or destabilization of pericyte-invested 
vessels might therefore improve outcomes of anti- 
angiogenic therapy. 

In fact, anti-cancer therapy targeting both PDGF 
activity, which primarily affects pericyte recruit- 
ment, and VEGF activity, which primarily controls 
endothelial proliferation and survival, is more ef- 
fective than targeting either VEGF or PDGF alone 
(reviewed in Baluk et al. 2005). Treatment with ki- 
nase inhibitors that target PDGF signaling results 
in dissociation of pericytes from the endothelial 
cells in tumors (Bergers et al. 2003). The pericyte- 
deficient capillaries are distinctly abnormal, with 
dilated lumina and distorted morphology. Most 
notably, this treatment did not affect capillaries in 
adjacent normal tissues (Bergers et al. 2003). This 
is not surprising, given that mature vessels in the 
retina do not undergo pericyte dissociation follow- 
ing treatment with Ang2 (Oshima et al. 2005) or 
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excessive PDGF-B (Benjamin et al. 1998). Most cur- 
rent anti-angiogenic therapies target endothelial 
proliferation, particularly via inhibition of VEGF 
signaling; these agents will likely be even more ef- 
fective when combined with pericyte-destabilizing 
factors. 


15.4.1.2 
Diabetic Retinopathy 


Diabetic retinopathy is a leading cause of blind- 
ness and involves dysfunction of the retinal vas- 
culature. Vascular abnormalities include excessive 
vessel permeability, resulting in edema; accumula- 
tion of acellular capillaries, resulting in vascular 
occlusion; and formation of microaneurysms, often 
accompanied by hemorrhage (reviewed in Hammes 
2005). In diabetic retinopathy, chronic exposure 
to high blood glucose levels ultimately results in 
capillary occlusion due to endothelial cell loss, de- 
creased pericyte number in the retina, and forma- 
tion of acellular capillaries (Fig. 15.4b; reviewed 
in Sims 1991). The resulting retinal ischemia then 
stimulates growth of new vessels, which are often 
torturous, leaky and dilated (reviewed in Hammes 


MCa-IV 


2005). Deficient pericyte coverage has been associ- 
ated with the abnormal neovascularization of dia- 
betic retinopathy. In mice, proliferative retinopathy 
similar to that observed for diabetic retinopathy 
was observed when pericyte coverage was less than 
half of that seen with normal mice (Enge et al. 
2002), These alterations in pericyte coverage are 
probably mediated by Ang2. 

Angz2 is expressed at higher levels in the eyes of 
diabetic rats than in control rats prior to the onset 
of pericyte loss, and intraocular injection of Ang2 
results in pericyte deficiency in retinal vessels (re- 
viewed in Hammes 2005), Even heterozygous loss 
of Ang2 expression eliminates the pericyte defi- 
ciency normally associated with diabetes (reviewed 
in Hammes 2005), supporting a direct role for this 
molecule in pericyte dissociation from retinal ves- 
sels during diabetic retinopathy. The best-under- 
stood function for Ang? is that of acting as a com- 
petitive inhibitor of Angl. Indeed, Ang] treatment 
of mice with impaired PDGF-B signaling reduces 
edema and hemorrhage even in capillaries lack- 
ing pericytes (Uemura et al. 2002). Angl treatment 
also reduces both vessel leakiness and endothelial 
cell damage in the retinas of diabetic rats (Joussen 


Fig. 15.4a,b. Microvascular pathologies: cancer and diabetic retinopathy. (a) Vessels from Lewis lung carcinoma (left panel) 
and Mca-IV carcinoma (right panel) demonstrate loose association between pericytes (4SMA staining, red fluorescence) and 
endothelial cells (CD31 staining, green fluorescence), Photos are reproduced with permission from the American Journal of 
Pathology (Morikawa et al. 2002). (b) Retinal trypsin digest showing acellular capillaries in a rat with streptozotocin-induced 
diabetes for the previous 9 months. Arrows, acellular capillaries; filled arrowheads, pericyte nuclei; empty arrowheads, en- 
dothelia cell nuclei; scale bar 50 pm. Photo courtesy of Mara Lorenzi, Schepens Eye Research Institute, Boston, MA. 
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et al. 2002). Agents that promote vessel stabiliza- 
tion may therefore provide novel treatment strate- 
gies for diabetic retinopathy. 


15.4.2 
Pericytes in Therapeutic Angiogenesis 


Induction of angiogenesis is desirable in the treat- 
ment of myocardial infarction and peripheral vas- 
cular disease, and is critical for formation and re- 
generation of tissues and organs. It is important 
that new vessels have characteristics of stable ves- 
sels, however; they must have permeability appro- 
priate to the vessel bed, and should be maintained 
without exogenous growth factors. 

Traditionally, pro-angiogenic therapies have 
focused on stimulation of endothelial cell prolif- 
eration and migration with factors such as VEGF. 
VEGF potently induces angiogenesis, but also has 
the unwanted side effect of making vessels very 
leaky, often resulting in edema. It is important that 
the permeability of new vessels be reduced, either 
by investing the vessels with pericytes or by treat- 
ing the vessels with a permeability-reducing factor. 
Indeed, when VEGF is expressed in the presence 
of Angl, the degree of vessel leakiness is similar 
to that observed for control mice (Thurston et al. 
1999). 

For a vessel to function normally and be main- 
tained long-term, it must be invested with mural 
cells. Large vessels have been engineered with both 
endothelial and smooth muscle layers (reviewed 
in Stegemann et al. 2005), but stable microvessels 
are particularly important for sustaining new tis- 
sues. In recognition of this need, combinations of 
growth factors are being tested to ensure that the 
vasculature in a new tissue contains both endothe- 
lial cells and pericytes. For example, implantation 
of a polymer scaffold to provide sustained, local- 
ized delivery of both VEGF and PDGE-B resulted 
in formation and maintenance of a mature vascu- 
lar network in the tissue (Richardson et al. 2001). 
Better understanding of the cell-cell interactions 
in vessel maturation will likely lead to further im- 
provements in pro-angiogenic therapies. 


Conclusions 


Great strides have been made in our understanding 
of the regulation of blood vessel assembly. The next 
phase of investigation will clearly focus on analysis 
of the later phases of vessel formation, including ar- 
teriogenesis, remodeling and specialization. These 
process display tissue-specific differences and will 
require an examination of complex intercellular in- 
teractions such as those that occur among the endo- 
thelium, pericytes, astrocytes and neural elements 
in the central nervous system. More detailed infor- 
mation about vessel remodeling and specialization 
will be central to translational aspects of microvas- 
cular research, including pro- and anti-angiogenic 
therapies and tissue engineering. 
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Adhesion Molecules in the Vascular Cell Cross-Talk 
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Abstract 


In the context of the vascular system, 
cell-cell adhesion is of paramount impor- 
tance, as demonstrated by the fact that the 
inhibition of this process during embryo- 
genesis is usually incompatible with nor- 
mal development and often leads to death. 
Indeed, interendothelial contacts not only 
contribute to preserving the structure of 
the whole vascular tree, they also play a key 
role in regulating the exchanges of fluids, 
solutes and cells between the circulation 
and the peripheral tissues. This implies 
that the vascular cell-cell junctions are by 
no means static structures that simply link 
adjacent cells to each other; instead, they 
are highly dynamic in order to ensure a 
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rapid response of the vascular system to 
microenvironmental stimuli. This chapter 
will provide an overview of the structural 
organization and of the molecules involved 
inthe assembly and function of the cell-cell 
junctions in the vascular network. Based on 
the essential role of intercellular adhesion 
in various steps of the angiogenic process, 
it is conceivable that similar mechanisms 
are involved in tumor-associated neovas- 
cularization, Nevertheless, a clear defini- 
tion of the molecular mechanisms that link 
interendothelial junctions to the formation 
of tumor vessels is stil] elusive. Progress 
in this field will have a profound impact 
on the design of innovative therapeutic 
strategies aimed at interfering with tumor 
angiogenesis and metastasis. 
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Introduction 


The communication between cells and their micro- 
environmentis crucial both during development and 
for the maintenance of tissue architecture and orga- 
nization. Indeed, cells need to perceive the signals 
coming from their neighborhood in order to “keep 
an eye” on the surrounding environment and react 
promptly to changes that may occur. Although vari- 
ous molecular mechanisms account for the ability of 
cells to “sense” the microenvironment, they can be 
essentially grouped into two major classes: (1) the 
transmission of signals in the form of soluble mol- 
ecules which interact with cellular receptors, such 
as growth factors, cytokines, hormones, etc., and 
(2) the interaction of cells with “structural” compo- 
nents of their environment, namely other cells and 
the extracellular matrix (ECM). 

The latter process requires specialized cellular 
structures that anchor the cells to each other (cell- 
cell adhesion) or to the ECM substrate (cell-matrix 
adhesion). These structures are formed by various 
proteins that are recruited to discrete areas of the 
cell periphery, where they assemble into adhesion 
complexes. In the case of cell-matrix adhesion (also 
known as focal adhesion), specific transmembrane 
proteins called integrins act as “hooks” through 
the direct binding of their extracellular portion to 
ECM components. On the intracellular side, integ- 
rins interact with proteins that connect the adhesion 
complexes to the cytoskeleton, thus stabilizing the 
cell-matrix contacts. Although different integrins 
bind to different ECM proteins and the components 
of the focal adhesion complexes vary depending on 
the cellular context and on other factors, the gen- 
eral organization of these adhesive structures is 
rather conserved. This is not the case for cell-cell 
adhesion, which involves various types of complexes 
that differ not only in their biochemical composi- 
tion and structural properties, but also because they 
serve diverse functions. Consequently, along the 
intercellular cleft one can identify different classes 
of adhesive structures, such as adherens, tight, and 
gap junctions, which are spatially and functionally 


distinct. Nevertheless, their formation and activity 
needs to be regulated in a coordinated manner, and 
extensive interplay occurs between different junc- 
tions. Indeed, several research groups focus their 
studies on this cross-talk, trying to dissect it at the 
molecular level and to explore its implications for 
various pathophysiological processes. 

This chapter will focus on the main features of 
the adhesive complexes that are present at vascular 
cell-cell boundaries, with a particular emphasis on 
novel aspects of their functions, such as the role in 
intracellular signaling and in the cross-talk of endo- 
thelial cells with other cell types. 


Vascular Cell-Cell Junctions 


Cell adhesion and its regulation are particularly 
important in the context of the vascular system, in 
that all the processes that govern the ontogenesis, 
maintenance and proper functioning of the vessel 
network depend on the ability of the endothelial 
cells to interact with each other and with the sur- 
rounding tissue. Notably, the adhesive properties of 
endothelial cells exert a regulatory function on, and 
are themselves controlled by, other cellular events 
such as proliferation, survival, migration, and mor- 
phogenesis. Endothelial cell adhesion plays an es- 
sential role also in the vascular response to patho- 
logical conditions, such as inflammation, ischemia, 
wound healing and, in particular, cancer. Indeed, as 
described in other chapters of this book, tumor-as- 
sociated angiogenesis is key to cancer progression 
and metastasis, and vascular adhesion molecules 
are undoubtedly major players in this context. 

In most epithelial tissues, the location of the 
different types of junctions along the intercellular 
cleft follows a general order, with tight junctions to- 
wards the apical portion of the cleft and adherens 
junctions and desmosomes in the basolateral region 
(Perez-Moreno et al. 2003). This spatial distribution 
contributes to determine the apical-basal polarity 
of epithelial cells. In the case of endothelial cells, 


however, the junctional organization is not as rigid, 
resulting in tight junctions being often intermin- 
gled with adherens junctions along the intercellu- 
lar boundaries. In addition, endothelial cells do not 
contain desmosomes, although some desmosomal 
components are found in the complex adherens, a 
junctional structure specific to certain specialized 
vascular districts, such as a subset of lymphatic ves- 
sels and of veins (Hammerling et al. 2006). 

Within the vessel wall, the intercellular junctions 
undergo a process of maturation and stabilization 
during the polarization of the endothelial barrier. 
The important implications of these structures in 
endothelial cell physiology are underscored, for ex- 
ample, by the dramatically different behavior that 
endothelial cells show when cultured as a sparse cell 
population vs. a dense monolayer (Dejana 2004). It 
is well known that confluent endothelial cells are 
contact inhibited (i.e., they stop proliferating and 
enter a quiescent state), become resistant to pro- 
apoptotic stimuli, and show a reduced response 
to growth factors. All these effects are reversible, 
as shown by shifting the same cells to low-density 
conditions. Besides this, the confluence state has 
obvious effects on another crucial function of the 
endothelium, namely the permeability to solutes 
as well as to cells (e.g., of the immune system). Fi- 
nally, there is increasing evidence that cell density 
influences the signal transduction emanating from 
adhesion molecules and, even more important, the 
gene expression profile of endothelial cells (Dejana 
2004). Taken together, these observations indicate 
that the formation and maturation of endothelial 
cell junctions have a profound impact on the vas- 
cular physiology. 

Based on this, an increasing number of groups 
in the last years have focused on the structural and 
functional characterization of cell-cell junctions 
within the vascular network. Although these efforts 
are still in progress and our current knowledge is 
less advanced than that accumulated, for example, 
in epithelial cells, it has become clear that vascular 
intercellular adhesion exhibits cell type-specific 
features that account for the specialized roles of the 
adhesive junctions in the endothelium. The defini- 
tion of the molecular mechanisms that control the 
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formation and the activity of endothelial adhesion 
complexes is likely to impact on novel therapeutic 
approaches for the treatment of various vascular 
disorders, including cancer-associated angiogen- 
esis. 


Vascular Adherens Junctions 


Adherens junctions (AJs) are the adhesive structures 
that have been most extensively characterized in 
endothelial cells. The main function of AJs is the 
formation and stabilization of physical contacts 
between adjacent cells, with obvious implications 
for tissue architecture and homeostasis. AJs have 
been mostly studied in epithelial cells, where an im- 
pressive amount of information has been obtained 
since the identification of E-cadherin. The latter is 
a calcium-dependent adhesion molecule that binds 
homophilically with E-cadherin molecules on the 
surface of adjacent cells in a zipper-like fashion. 
This interaction triggers the recruitment of intracel- 
lular proteins, termed catenins, which anchor the 
adhesion complex to the actin cytoskeleton, result- 
ing in the stabilization of the intercellular contacts 
(Bazzoni and Dejana 2004). As outlined below, 
catenins have also emerged as important signal- 
ing proteins, an activity that is tightly controlled 
by their subcellular localization. Thus, AJ-mediated 
cell-cell adhesion not only has crucial structural 
implications, but also modulates signal transduc- 
tion inside the cell. 


16.3.1 
VE-Cadherin 


Although the general organization of vascular AJs 
is similar to that found in epithelial cells, certain 
biochemical and functional properties are restricted 
to the vessel network. The main difference between 
epithelial and endothelial AJs is that the latter do 
not contain E-cadherin but an endothelial-specific 
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cadherin, called vascular endothelial (VE) cadherin. 
The expression of VE-cadherin is essentially re- 
stricted to cells of the endothelial lineage and starts 
very early during the differentiation of endothelial 
cell precursors. In this context, the VE-cadherin 
gene promoter has been successfully used to induce 
endothelial cell-specific expression of transgenes 
in the mouse (Gory et al. 1999), and the recently 
reported expression of Cre recombinase under the 
control of the VE-cadherin gene promoter is a prom- 
ising tool for the inactivation of specific genes in 
the embryonic and adult vasculature (Alva et al. 
2006). Although VE-cadherin is found in all endo- 
thelial cell types, its levels vary in different vascular 
districts and during angiogenesis, including tumor 
vascularization. Indeed, the expression of VE-cad- 
herin is enhanced in activated, cancer-associated 
vessels, suggesting a causal involvement in tumor 
angiogenesis (Prandini et al. 2005). 

VE-cadherin exhibits the typical molecular 
structure of the so-called “classical” cadherins, 
with five extracellular cadherin-type repeats, a 
single transmembrane domain, and a cytoplasmic 
tail containing the docking sites for the catenins. By 
analogy to E-cadherin in epithelial cells, the homo- 
philic and calcium-dependent interaction between 
VE-cadherin molecules on adjacent endothelial 
cells is thought to be the first step in the formation 
of vascular AJs. This initial binding induces lateral 
clusterization of VE-cadherin and the recruitment 
of beta-catenin and plakoglobin (also known as 
gamma-catenin). The latter then binds to alpha- 
catenin, which, in turn, is linked to the actin cyto- 
skeleton, either by direct binding or via other actin- 
binding proteins such as vinculin and alpha-actinin 
(Perez-Moreno et al. 2003), Figure 16.1 shows a sche- 
matic view of the cadherin/catenin complex at the 
endothelial AJs. 

The functional contribution of VE-cadherin to 
the development of the vascular system was un- 
equivocally demonstrated by the ablation of the 
gene in mice. VE-cadherin-null mouse embryos, 
indeed, died at mid-gestation because of severe 
vascular defects (Carmeliet et al. 1999; Gory-Faure 
et al. 1999). Interestingly, the phenotypic analysis 
of the mutant embryos revealed that not only cell 


adhesion, but also survival and intracellular signal- 
ing were affected in VE-cadherin-deficient endothe- 
lial cells. Moreover, the overall morphogenetic pro- 
gram that normally underlies vessel development 
was disrupted by the loss of VE-cadherin, confirm- 
ing that the function of this protein extends beyond 
the mere pro-adhesive activity. 

In the past few years, the characterization of the 
molecular mechanisms underlying such a broad 
spectrum of VE-cadherin properties have become 
the focus of intense research, resulting in the dis- 
covery of novel and intriguing aspects of cadherin 
biology. Experimental evidence in vivo as well as in 
endothelial cell cultures pointed to an interplay be- 
tween VE-cadherin-mediated adhesion and endo- 
thelial cell survival (i.e., resistance to programmed 
cell death or apoptosis). The molecular basis of this 
cross-talk probably lies in the ability of VE-cadherin 
to activate the phosphatidyl inositol-3 kinase (PI3K) 
pathway, an enzymatic cascade that ultimately leads 
to the inhibition of apoptosis (Carmeliet et al. 1999). 
The VE-cadherin/PI3K interaction requires an intact 
binding of VE-cadherin to beta-catenin, although it 
remains elusive whether the latter acts as an adaptor 
molecule or is actively involved in the recruitment 
of PI3K to the AJs. 


16.3.1.1 
The VE-Cadherin/VEGFR-2 Complex 


An important function of cadherins (but also of 
other adhesion molecules such as integrins) is 
the modulation of the signaling downstream of 
growth factor receptors (or receptor tyrosine ki- 
nases, RTKs). Although this interplay has long been 
proposed, only recently have researchers begun to 
unravel its molecular terms (reviewed by Cavallaro 
and Christofori 2004). For example, both epider- 
mal growth factor receptor (EGFR) and hepatocyte 
growth factor receptor (HGFR or c-Met) have been 
detected in the AJs of epithelial cells, where E-cad- 
herin was shown to influence their response to the 
specific growth factors. Similarly, as schematically 
depicted in Fig. 16.1, VE-cadherin is able to associate 
with one of the vascular endothelial growth factor 
receptors, namely VEGFR-2 (Carmeliet et al. 1999). 


Fig. 16.1. Vascular ad- 
herens junctions, The 
molecular organization 
of the adherens junctions 
between endothelial cells 
is illustrated in a sche- 
matic manner, together 
with the main signaling 
pathways emanating 
from these structures. 

In addition, N-cadherin- 
mediated adhesion be- 
tween endothelial cells 
and pericytes is shown, 
along with the cross-talk 
between N-cadherin and 
FGFR, See the text for 
more detail, Abbrevia- 
tions: cat, catenin; p120, 
pl20-catenin 


This complex is induced by the stimulation of endo- 
thelial cells with VEGF and requires the presence of 
beta-catenin, suggesting that the binding involves 
the intracellular portion of the two transmembrane 
proteins. The formation ofthe VE-cadherin/VEGFR- 
2 complex promotes a widely known feature of en- 
dothelial cells, the contact inhibition of cell growth. 
This consists of stopping the cell proliferation that 
follows the maturation of intercellular junctions, 
aimed at preventing uncontrolled cell growth in 
normal tissues. When VEGFR-2 associates to VE- 
cadherin in confluent cells, its auto-phosphoryla- 
tion (i.e., activation) in response to VEGF is dramat- 
ically attenuated, This effect has been attributed to 
the VE-cadherin-induced recruitment of VEGFR-2 
close to the junctional phosphatase DEP-1/CD148, 
which interferes with the receptor activation (Lam- 
pugnani et al. 2003). Hence, endothelial cells no lon- 
ger enter the mitotic program upon VEGF stimula- 
tion, in sharp contrast to sparse cells, which exhibit 
a strong proliferative response to VEGF. This 
recapitulates to some extent the situation in qui- 


Adhesion Molecules in the Vascular Cell Cross-Talk 


escent vs. angiogenic vessels, where endothelial 
cells are in close or loose contact with each other, 
respectively. In the latter case, VEGF induces cell 
proliferation and vessel growth, while non-angio- 
genic vessels do not exhibit this response. This does 
not mean that confluent endothelial cells (or ma- 
ture vessels) do not respond to VEGF. Indeed, the 
association with clustered VE-cadherin induces as 
yet unidentified molecular changes in VEGFR-2, so 
that confluent endothelial cells react to VEGF by 
increasing their resistance to pro-apoptotic stimuli, 
a characteristic that is not present in low-density 
cells, While the proliferative response is mediated 
by VEGF-induced activation of mitogen-activated 
protein kinase (MAPK), cell survival requires the 
induction of the PI3K pathway (Carmeliet et al. 
1999; Lampugnani et al. 2003). Therefore, as sche- 
matically depicted in Fig. 16.2, VE-cadherin acts 
a molecular switch for VEGFR-2, driving the re- 
sponse of endothelial cells to divergent pathways 
depending on the cellular and microenvironmental 
context. 
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angiogenic 
vessel 


vessel lumen 


16.3.1.2 
VE-Cadherin and the Endothelial Cytoskeleton 


Recent evidence has implicated VE-cadherin in 
the regulation of endothelial cell cytoskeleton, an 
activity that has relevant implications for a broad 
spectrum of vascular functions, ranging from cell 
morphology and migration to differentiation and 
remodeling. The effects of VE-cadherin on the cy- 
toskeleton are largely mediated by members of the 
Rho family of small GTPases (Fig. 16.1). Indeed, the 
clustering of VE-cadherin at endothelial AJs induces 
the recruitment of Tiam-1, a guanosine-exchange 
factor that specifically activates the small GTPase 
Racl. The latter is known to control actin dynam- 
ics and, hence, cell shape and motility. In addition 
to Racl activation, VE-cadherin downregulates the 
activity of RhoA, another small GTPase involved in 


Fig. 16.2. VE-cadherin 
regulation of VEGF-R2 
signaling. In mature 
endothelial AJs, VE-cad- 
herin forms a complex 
with VEGF-R2, while the 
association is disrupted 
in loosely adherent or 
migrating endothelial 
cells, e.g., in the sprouts 
of angiogenic vessels. The 
association with VE-cad- 
herin switches VEGF-R2 
signaling towards cell 
survival, while the stimu- 
lation of “free” VEGF-R2 
induces endothelial cell 
proliferation, a hallmark 
of angiogenesis. See the 
text for more detail 
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cytoskeletal remodeling (Lampugnani et al. 2002). 
Finally, also the third prototypic member of the 
family, Cdc42, has been shown to act downstream 
of VE-cadherin in the formation of cell membrane 
protrusions, and the VE-cadherin/Cdc42 cross-talk 
appeared to be endothelial-specific (Kouklis et al. 
2003). Notably, this interplay between VE-cadherin- 
mediated adhesion and Rho-family GTPases is bidi- 
rectional. Indeed, Racl exerts a regulatory function 
during the early phase of vascular AJ formation, 
by controlling the spatial organization of the cad- 
herin-catenin complexes (Cascone et al. 2003). 
Racl was also shown to induce the redistribution 
of VE-cadherin and the disruption of endothelial 
cell-cell adhesion, an effect that required Rac-in- 
duced production of reactive oxygen species (ROS) 
(van Wetering et al. 2002). The emerging picture was 
made even more complicated by the observation that 


the inhibition of VE-cadherin function induced a 
rapid activation of Racl and the generation of ROS, 
which preceded the actual loss of cell-cell adhesion 
(van Buul et al. 2005), Thus, Racl would mediate 
the disruption of the endothelial barrier function 
induced by the dysfunction of VE-cadherin. These 
events acquire a significant relevance in inflamma- 
tion, where Racl-triggered production of ROS might 
contribute to the well-described endothelial dam- 
age. 

Recent observations implicated Rac also in the 
cross-talk between VEGF signaling and VE-cad- 
herin. Indeed, VEGF regulates the endothelial bar- 
rier function by inducing the phosphorylation of 
VE-cadherin complexes, and this effect specifically 
requires Rac activity (Seebach et al. 2005). Finally, 
all the prototypic members of the Rho family have 
been shown to influence vascular permeability, 
a function that depends on the regulation of VE- 
cadherin-dependent formation and stabilization of 
endothelial AJ (Wojciak-Stothard and Ridley 2002; 
Broman et al. 2006). 

Thus, VE-cadherin represents an integration 
point between interendothelial adhesion and cyto- 
skeletal regulation, and futures studies should define 
the molecular details of these concerted actions. 


16.3.2 
The Cytoplasmic Partners of VE-Cadherin 


As mentioned earlier, catenins are the main interact- 
ing partners of the cytoplasmic tail of VE-cadherin. 
While beta-catenin, plakoglobin and p120-catenin 
(pl20ctn) bind directly to VE-cadherin, alpha- 
catenin acts as a bridge between the cadherin- 
catenin complex and the actin cytoskeleton. These 
interactions stabilize the junctional complexes and 
preserve the integrity of the endothelial layer within 
the vessel wall. Indeed, interfering with the bind- 
ing of catenins to VE-cadherin (e.g., by deleting 
the catenin-binding sites from the cytoplasmic do- 
main of VE-cadherin) results in the disruption of 
interendothelial adhesion, with dramatic alterations 
in vessel morphogenesis and function (Carmeliet 
et al. 1999). This essential function of catenins has 
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highlighted their structural implications in the vas- 
cular junctions, somehow promoting the idea that 
they mainly act as scaffolds. However, this view has 
dramatically changed in the past few years, due to 
the increasing evidence that catenins play also a cru- 
cial role in very dynamic intracellular events, such 
as signaling and the modulation of gene expression, 
as discussed below. 


16.3.2.1 
Beta-Catenin 


Unlike the epithelial cells, our knowledge on the 
functions of beta-catenin in the vascular network 
is still very limited and, although certain similari- 
ties with the epithelium appear evident, prelimi- 
nary observations point to endothelial-specific fea- 
tures. A significant step forward in the definition of 
beta-catenin’s activities in vascular cells has been 
provided by the endothelial-specific inactivation of 
the gene in the mouse. This approach highlighted 
an essential role of endothelial beta-catenin during 
embryonic development, as demonstrated by the 
death of the mutant embryos at embryonic day 13.5 
(Cattelino et al. 2003). Interestingly, beta-catenin 
did not appear to play a major role in the early 
phases of vasculogenesis and angiogenesis. In 
contrast, the loss of beta-catenin caused dramatic 
alterations in vascular patterning in various dis- 
tricts of the embryo proper and of the yolk sac. 
At the cellular level, beta-catenin-null endothelial 
cells showed a clear deficiency in the formation 
and maintenance of intercellular contacts, and the 
junctional complexes exhibited an altered compo- 
sition and organization. A detailed characteriza- 
tion of the cell-cell adhesion complexes revealed 
that beta-catenin is required for the recruitment 
of alpha-catenin and, hence, for the anchorage of 
the junctions to the actin cytoskeleton. The loss of 
beta-catenin led not only to the decrease in alpha- 
catenin, but also to its replacement by desmoplakin, 
which preferentially binds to vimentin filaments, 
thus inducing a major shift in the cytoskeletal con- 
nections of the endothelial junctions. These altera- 
tions resulted in morphological changes, with cells 
assuming an elongated shape instead of the classical 
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cobblestone-like appearance, and in fenestration of 
the endothelial wall. In turn, these structural ab- 
normalities in beta-catenin knockout cells had a 
remarkable functional outcome, exemplified by the 
reduced strength of interendothelial adhesion and 
the paracellular permeability of the endothelium 
(Cattelino et al. 2003). 

These defects were obviously related to the loss 
of the junctional properties of beta-catenin, i.e., its 
participation in the adhesion complexes, confirming 
the importance of this protein in the organization 
and stabilization of the interendothelial junctions, 
just like in epithelial cells. However, beta-catenin 
plays crucial roles also when it is not part of the 
junctions, in particular in the context of the Wnt 
signaling pathway, a major regulator of developmen- 
tal and pathophysiological processes (reviewed by 
Gregorieff and Clevers 2005). Upon disruption of 
cell-cell contacts, beta-catenin becomes soluble in 
the cytosol, and is normally targeted to the beta- 
catenin destruction complex (BDC), composed of 
the scaffolding proteins adenomatous polyposis 
coli (APC) and axin and the enzymes glycogen 
synthase kinase 3B (GSK3) and casein kinase-1. 
The two kinases phosphorylate specific residues of 
beta-catenin, thus earmarking it for proteasome- 
mediated degradation. This default pathway of 
beta-catenin destruction is interrupted upon the 
activation of the Wnt signaling pathway (Fig. 16.3). 
Indeed, the binding of the extracellular factors of 
the Wnt family to their surface receptors, known 
as Frizzled, leads to the inhibition of GSK3B and, 
hence, to the stabilization and accumulation of 
beta-catenin. The latter eventually translocates to 
the nucleus, where it associates to transcription fac- 
tors of the lymphoid enhancer factor-1 (Lef-1)/T-cell 
factor (TCF) family. The beta-catenin/TCF complex 
directly regulates the expression of a number of 
genes, for example cyclin D1 and c-Myc, which then 
impact on cell proliferation. As a consequence, an 
excessive transcriptional activity of beta-catenin in 
epithelial cells, such as that resulting from muta- 
tions in its gene or from the loss of function of APC 
in the colon, has been directly implicated in cell 
transformation and tumorigenesis (Gregorieff and 
Clevers 2005). 


The Wnt/beta-catenin/TCF axis has been shown 
to operate also in endothelial cells, where, how- 
ever, only few studies have been performed with 
controversial results. Indeed, some reports have 
shown that, by analogy to epithelial cell types, Wnt 
signaling promotes cell proliferation and requires 
beta-catenin-dependent gene expression (Wright 
et al. 1999; Masckauchan et al. 2005). On the other 
hand, the Wnt/beta-catenin/TCF pathway was also 
reported to repress endothelial cell proliferation 
and to induce intercellular adhesion (Cheng et al. 
2003). This discrepancy might be attributed to the 
heterogeneity of endothelial cells or to different cul- 
ture conditions; however, it may also imply that the 
vascular response to Wnt signaling is context-de- 
pendent, a hypothesis that deserves further investi- 
gation. The effect of the Wnt/beta-catenin/TCF cas- 
cade in endothelial cells are by no means restricted 
to the mere control of cell proliferation. Indeed, it 
turned out that among the transcriptional targets 
of beta-catenin in endothelial cells are members of 
the vascular endothelial growth factor (VEGF) fam- 
ily, namely VEGF-A and -C. Thus, the stabilization 
of beta-catenin leads to the autocrine activation of 
VEGF receptor signaling, as demonstrated by the 
induction of VEGF-R2 phosphorylation, which, in 
turn, activates the PI3K/Akt pathway. These molec- 
ular events underlie endothelial cell differentiation 
and remodeling in vitro and a strong angiogenic re- 
sponse in vivo (Skurk et al. 2005). 

As discussed above, VEGF can have different ef- 
fects on VE-cadherin-based junctions, depending 
on the density of endothelial] cells and on whether 
VEGF-R2 is associated with VE-cadherin. Notably, 
VEGF induces the phosphorylation of specific ty- 
rosine residues in the cytoplasmic tail of VE-cad- 
herin, leading to the uncoupling of beta-catenin and 
p120°'" (Potter et al. 2005). The strong angiogenic 
effect of VEGF depends also on its ability to induce 
a mesenchymal conversion in endothelial cells. 
This phenotypic change is essential to endow the 
cells with migratory and remodeling potential and, 
hence, to support vessel invasion and angiogenesis. 
The detachment of beta-catenin and pi20ctn from 
the junctions has been implicated in the main- 
tenance of VEGF-induced mesenchymal state in 


Fig. 16.3. The dual role of 
beta-catenin. The figure 
depicts in a schematic 
manner the two main 
functions of beta-catenin: 
as an integral component 
of the adherens junctions, 
and as an effector in Wnt 
signaling. The latter re- 
presses the degradation 

of beta-catenin, thus al- 
lowing its translocation to 
the nucleus and inducing 
its transcriptional activ- 
ity. See the text for more 
detail. Abbreviations: 

cat, catenin; p120, p120- 
catenin; BDC, beta-catenin 
destruction complex; Fzd, 
frizzled; EMT, endothelial- 
to-mesenchymal transition 


endothelial cells (Potter et al. 2005). Therefore, it is 
conceivable that the stabilization of cytosolic beta- 
catenin and its participation in Wnt signaling acti- 
vate a VEGF-mediated feedback loop which leads to 
a sustained endothelial-to-mesenchymal transition 
(EMT), thus promoting an angiogenic response. 
The role of beta-catenin in the EMT of vascular cells 
has been also recently documented in vivo, both 
in mouse (Liebner et al. 2004) and in zebrafish 
(Hurlstone et al. 2003), In particular, Wnt signaling 
was shown to trigger EMT in the endocardial cells 
that underlies the formation of the heart cushion, 
which then gives rise to the atrio-ventricular valves. 
This EMT process is repressed in mice lacking endo- 
thelial beta-catenin, and has been shown to depend 
on the transcriptional activity of the beta-catenin/ 
TCF complex (Liebner et al. 2004). The genes and 
pathways that act under the control of endothelial 
beta-catenin remain elusive and are the focus of in- 
tense research in various laboratories. Nevertheless, 
these findings highlight a key role for the Wnt/beta- 
catenin/TCF axis in vascular pathophysiology and 
raise the hypothesis that a dynamic balance between 
junctional and soluble beta-catenin determines the 
behavior (i.e., quiescence vs angiogenesis) of several 
endothelial cell types in vivo. 
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16.3.2.2 
p120-Catenin 


pl20-Catenin certainly represents one of the most 
intriguing cytosolic partners of cadherins. This pro- 
tein was initially identified as a prominent substrate 
of the non-receptor tyrosine kinase Src, and indeed 
cadherin-bound p120" is normally tyrosine-phos- 
phorylated. Nevertheless, the impact of phosphory- 
lation on p120% function has remained elusive. 

By analogy to beta-catenin, p120°" can be found 
either as an integral component of AJs or as a soluble 
protein in the cytosol, and the two pools appear to 
serve different functions. In endothelial cells, junc- 
tional p120°" binds directly to the juxta-membrane 
region of VE-cadherin (Fig. 16.1); however, it ex- 
hibits neither direct nor indirect links to the cyto- 
skeleton, in sharp contrast with the other catenins. 
As this suggests that p120° is not involved in the 
structural organization of the junctional complex, 
researchers have focused on the hypothesis that it 
exerts a regulatory function. This hypothesis was 
supported by the observation that the cellular level 
of p120‘" determines the amount of VE-cadherin, in 
particular by controlling its membrane trafficking 
(Xiao et al. 2003). More recently, Xiao and colleagues 
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have provided further insight into this regulatory 
activity, showing that p120°'" stabilizes interendo- 
thelial junctions by preventing the internalization 
and lysosomal degradation of VE-cadherin (Xiao et 
al. 2005). This interplay between p120ctn and VE- 
cadherin has important functional consequences as, 
for example, it is required for the barrier function 
of the endothelium. Notably, either a decrease or an 
excess in p120°'" levels results in the disruption of 
its barrier activity (Iyer et al. 2004), highlighting the 
importance of a tight control of p120% expression 
for the pathophysiology of the endothelium. The al- 
terations induced by excess p120°", i.e. by the pool 
that is not bound to VE-cadherin, also indicate that 
non-junctional p120°'" has important functions. In- 
triguingly, soluble p120°'" was found to transduce 
signals to the cytoskeleton via the Rho-family small 
GTPases, with an inhibitory effect on RhoA and the 
positive regulation of Racl and Cdc42 (Anastasiadis 
et al. 2000; Noren et al. 2000; Grosheva et al. 2001). It 
remains to be investigated whether and how this in- 
terplay between p120° and Rho GTPases modulates 
the permeability of the endothelial barrier, and also 
whether cytosolic p120°™ has additional functions. 
Nevertheless, taken together, these observations put 
p120% in a central position to integrate adhesive 
and cytoskeletal properties of vascular cells, most 
likely due to its ability to shuttle between a VE-cad- 
herin-bound state and a cytosolic pool. 

Finally, it should be mentioned that, by analogy 
to beta-catenin, also p120°'" can translocate to the 
nucleus, where it has been shown to bind to and in- 
activate the transcriptional repressor Kaiso (Daniel 


-and Reynolds 1999; Daniel et al. 2002). Furthermore, 


the expression of Wnt target genes appears to be co- 
ordinately regulated by the p120°'"/Kaiso and beta- 
catenin/TCF complexes. Although the transcrip- 
tional effects of p120°™ in endothelial cells have not 
yet been addressed, these results raise the fascinat- 
ing possibility that, besides their crucial function 
within the adhesive structures, vascular catenins 
regulate important processes such as angiogenesis 
also by an integrated control on gene expression. 
Although all the findings discussed above sup- 
port the notion that p120°" is implicated in a va- 
riety of cellular processes, they refer to studies on 


cultured cells. The relative contribution of these 
p120°'"-mediated functions in mammals has not yet 
been investigated. The ablation of the p120“" gene in 
the mouse results in embryonic lethality (Davis and 
Reynolds 2006), but to date a phenotypic character- 
ization of the mutant embryos has not been reported. 
These studies, and in particular the analysis of the 
p120ctn-deficient vascular system will help to define 
the function of this protein in the endothelium. 

In summary, the experimental evidence has con- 
clusively supported a dual role for the catenin part- 
ners of VE-cadherin, as structural components of 
the interendothelial junctions and as important cy- 
toplasmic effectors of different signaling pathways. 
Therefore, VE-cadherin, given its role in determin- 
ing the subcellular localization of endothelial caten- 
ins, emerges as a key regulator of a complex net- 
work of signals that coordinates a broad spectrum 
of events in the vascular system. 


16.3.3 
N-Cadherin 


From the data discussed so far, the role of VE-cad- 
herin in the differentiation and function of the en- 
dothelium is quite clear, which also accounts for 
the attention that this protein has received since 
its discovery. However, VE-cadherin is not the only 
member of the cadherin family that is found in en- 
dothelial cells. Actually, the latter express levels of 
neural (N)-cadherin which are usually comparable 
to those of VE-cadherin. Besides endothelial cells, 
N-cadherin is expressed in neural tissue, myocytes, 
and fibroblasts. Notably, de novo expression of 
N-cadherin has been reported in various cell types 
concomitant with the acquisition of an invasive phe- 
notype. Although this phenomenon is prominent 
during cancer progression, it also occurs in differ- 
ent phases of embryonic development (reviewed by 
Cavallaro and Christofori 2004). Such an induction 
of N-cadherin has important functional implica- 
tions since, unlike E- or VE-cadherin, N-cadherin 
has been shown to enhance cell motility and in- 
vasiveness (Hazan et al. 2004). The cellular and 
molecular determinants that control the balance 


between the adhesive and pro-migratory activities 
of N-cadherin remain to be elucidated. 

In the context of the vascular system, the role of 
N-cadherin has long been overshadowed by that of 
VE-cadherin. Nevertheless, morphological studies 
soon ruled out a role of N-cadherin in endothelial 
cell-cell adhesion (Salomon et al. 1992). In addition, 
some reports have indicated a cadherin “hierarchy” 
in cultured cells, in that VE-cadherin was shown to 
displace N-cadherin from the junctions, thus dictat- 
ing its subcellular localization. Indeed, in the pres- 
ence of VE-cadherin, N-cadherin shows diffuse ex- 
pression over the endothelial cell surface (Salomon 
et al. 1992; Navarro et al. 1998; Jaggi et al. 2002), al- 
though this has been recently challenged by the de- 
tection of N-cadherin at cell-cell junctions even in 
VE-cadherin-expressing endothelial cells (Luo and 
Radice 2005). All these studies, however, were con- 
ducted on cultured endothelial cells, thus not taking 
into account the higher complexity of the vessel wall 
in vivo. Indeed, in normal vessels the endothelium is 
surrounded by mural cells, namely smooth muscle 
cells in large vessels and pericytes in capillaries. 
The endothelial coverage by mural cells is critical 
for the correct formation and function of the vascu- 
lar network, and this role appears to extend beyond 
a mere structural, scaffolding action. Indeed, it has 
become evident that perivascular cells promote ves- 
sel maturation and stabilization through a complex, 
yet poorly defined, array of intercellular signals (re- 
viewed by von Tell et al. 2006). 

Recent data have provided insightful informa- 
tion that assign very important functions to vascu- 
lar N-cadherin in the endothelial-pericyte interplay. 
First of all, N-cadherin has been reported to cluster 
at the contact sites between endothelial and mural 
cells in the vessels of various tissues (Gerhardt et 
al. 2000; Liebner et al. 2000; Paik et al. 2004), This 
N-cadherin-mediated heterotypic adhesion is caus- 
ally involved in vascular assembly, as the neutraliza- 
tion of N-cadherin in the developing brain led to an 
aberrant vessel network and to hemorrhages (Ger- 
hardt et al. 2000). These observations were recently 
confirmed and extended by Tillet and colleagues, 
who showed that N-cadherin-null embryonic stem 
cells retain their ability to differentiate into endo- 
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thelial cells and to undergo sprouting angiogenesis. 
However, the loss of N-cadherin resulted in the lack 
of pericyte recruitment to newly formed vessels 
(Tillet et al. 2005). Hence, N-cadherin would not be 
required for the early steps of vasculogenesis and 
angiogenesis, but rather for the subsequent, pericyte- 
mediated maturation of developing vessels. With 
regard to the molecular mechanisms that control 
the N-cadherin-mediated cross-talk between endo- 
thelial and mural cells, recent data have implicated 
the platelet-derived lipid mediator sphingosine 1- 
phosphate (S1P) and its receptor. Perturbation of S1P 
signaling led to the re-distribution of N-cadherin at 
endothelial cell-cell contacts, impairment in peri- 
cyte coverage of the endothelium, and lack of vessel 
maturation (Liu et al. 2000; Paik et al. 2004). 

The heterotypic interactions mediated by endo- 
thelial N-cadherin are not limited to mural cells. For 
example, N-cadherin has been shown to enhance 
the adhesion of melanoma cells to the endothelium 
of tumor-associated vessels. Following the initial 
intercellular contact, N-cadherin is phosphorylated, 
causing the release of beta-catenin from the junc- 
tions and its translocation to the nucleus. The coor- 
dinated action of N-cadherin and beta-catenin re- 
sults in the transendothelial migration of melanoma 
cells, a key step in the metastatic cascade (Qi et al. 
2005). Based on the wide range of epithelia] tumors 
which exhibit a strong induction of N-cadherin con- 
comitant with cancer progression (Cavallaro 2004), 
it is likely that the role of this cadherin in tumor cell 
intravasation is not limited to melanoma. 

The abrogation of N-cadherin expression in mice 
resulted in dramatic developmental defects and em- 
bryonic lethality at day 10 of gestation. Along with 
striking alterations in the neural tube, somites and 
myocardium, Radice et al. reported aberrant forma- 
tion of the yolk sac vasculature, which could account 
for the developmental arrest of the mutant embryos 
(Radice et al. 1997). This initial indication of an im- 
portant role for N-cadherin in vasculogenesis and 
early angiogenesis was confirmed by the endothe- 
lial-specific inactivation of the gene in the mouse. 
Indeed, conditional knockout embryos died at mid- 
gestation due to an impaired development of both 
the intra- and extraembryonic vasculature (Luo and 
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Radice 2005). The anatomical and functional altera- 
tions in developing vessels occurred earlier than the 
endothelial coverage by mural cells, indicating that 
the role of vascular N-cadherin is not restricted to 
the interaction between endothelial and perivas- 
cular cells. One possibility, supported by the de- 
tection of N-cadherin at interendothelial junctions 
in mouse embryos (Luo and Radice 2005), is that 
N-cadherin is also involved in homotypic cell-cell 
adhesion in the endothelium of developing vessels. 
Another intriguing hypothesis was raised by the de- 
tailed phenotypic analysis of the embryos carrying 
the endothelial-specific deletion of N-cadherin. The 
alterations exhibited by these mutant embryos were 
strikingly similar to those described in VE-cad- 
herin-knockout mice (Carmeliet et al. 1999; Gory- 
Faure et al. 1999), thus highlighting a possible cross- 
talk between these two cadherins. Indeed, Luo and 
Radice found that the loss of N-cadherin correlated 
with a dramatic down-regulation of VE-cadherin 
in endothelial cells, both in vivo and in vitro (Luo 
and Radice 2005). Hence, N-cadherin might regulate 
vascular development by controlling the level of VE- 
cadherin, which, as discussed above, plays a pivotal 
role in vasculogenesis and angiogenesis. Interest- 
ingly, N-cadherin-mediated modulation of VE-cad- 
herin did not occur at the mRNA level, suggestive 
of a post-transcriptional mechanism. Since the loss 
of N-cadherin also induced a marked reduction in 
pl20°'", which stabilizes junctional VE-cadherin 
(see above), it is conceivable that p120°'" serves as 
an effector in N-cadherin-dependent pathways that 
control VE-cadherin turnover. 

Additional findings on N-cadherin-deficient en- 
dothelial cells implicated this molecule also in the 
positive modulation of cell proliferation, which 
might contribute to impaired angiogenesis in mu- 
tant embryos, and in the repression of endothelial 
cell motility. The latter observation is in sharp con- 
trast with the pro-migratory activity of N-cadherin 
reported in other cell types (as discussed above). 

An interesting property of N-cadherin is its abil- 
ity to associate with, and modulate the function of, 
the fibroblast growth factor receptor (FGFR), a re- 
ceptor tyrosine kinase known to activate various 
signaling pathways. While FGFR has been impli- 


cated in N-cadherin-induced cell motility in breast 
cancer cells (Suyama et al. 2002), in endothelial cells 
it acts downstream of N-cadherin to prevent apopto- 
sis (Erez et al. 2004). Taken together, these observa- 
tions imply that N-cadherin acts in a cell context- 
dependent manner, and future research should aim 
at defining the cellular and microenvironmental 
factors that modulate the function of this cadherin 
in the vascular system. 

Moreover, many lines of evidence described 
above point to a bidirectional interplay between VE 
and N-cadherin in endothelial cells, which is much 
more complex than the mutual competition that 
was initially hypothesized. This is the first example 
of cross-talk between classical cadherins, and the 
characterization of the underlying molecular mech- 
anisms would have a major impact on our under- 
standing of physiological and pathological neovas- 
cularization. 


Vascular Tight Junctions 


In contrast to AJs, the molecular architecture and the 
function of tight junctions (TJs) within the vascular 
system have been only poorly elucidated, and most of 
the current knowledge derives from the TJ character- 
ization in epithelial cells (reviewed by Bazzoni and De- 
jana 2004). Indeed, both endothelial and epithelial TJs 
play a key role in controlling paracellular permeability 
to fluids and solutes. Moreover, the overall organiza- 
tion of the TJs is largely conserved between the two cell 
types. For some aspects, however, this extrapolation 
appears inappropriate, since remarkable structural 
and functional differences between endothelial and 
epithelial TJs have emerged. For example, TJs represent 
themost apical junctions in the epithelial intercellular 
cleft, while they are frequently intermingled with AJs in 
endothelial cells. Furthermore, the discovery of 
claudin-5 as an endothelial-specific member of 
the TJs (Morita et al. 1999) suggests that also the 
biochemical composition of vascular TJs is distinct 
from that found in the epithelium. 


Endothelial TJs shows remarkable differences 
in different vascular districts. In particular, they 
appear well organized into arteries and arterioles, 
while a loose structure is often observed in veins 
and postcapillary venules. In the microcirculation, 
the presence of less developed TJs normally corre- 
lates with the need to ensure transendothelial traf- 
ficking of plasma components and blood cells. In 
contrast, well-developed TJs are found in those dis- 
tricts where the exchanges between intra- and extra- 
vascular spaces have to be tightly controlled. This is 
best exemplified by the brain circulation, where en- 
dothelial TJs contribute to establish the blood-brain 
barrier, which accounts for the extremely low and 
selective rate of trafficking across the vascular en- 
dothelium (Wolburg and Lippoldt 2002). 

The organization and function of epithelial TJs 
have been thoroughly described in excellent recent 
reviews (see, for example, Kohler and Zahraoui 
2005; Matter et al. 2005; Miyoshi and Takai 2005) 
and are out of the scope of this chapter. Moreover, 
as mentioned above, it is not yet clear what part of 
this information is transferable to the endothelium. 
Therefore, I will focus on endothelial-related fea- 
tures of TJ structure and activity. 


16.4.1 
Junctional Adhesion Molecules 


Junctional adhesion molecules (JAMs) form agroup 
of transmembrane proteins belonging to the immu- 
noglobulin (Ig) superfamily, due to the presence of 
two Ig domains in their extracellular portion. After 
the identification of the first JAM (Martin-Padura 
et al. 1998), named JAM-A, other four members of 
the family were discovered, namely JAM-B, JAM-C, 
JAM-4, and JAM-L. This nomenclature follow the 
one recently proposed (Muller 2003) to overcome 
the confusion generated by the different names 
initially given to mouse and human orthologs. An- 
other protein called ESAM (endothelial cell-selec- 
tive adhesion molecule) was reported to be highly 
related to JAMs (Hirata et al. 2001). 

In spite of their prominent role in TJ forma- 
tion and function in both endothelial and epithe- 
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lial cells, JAMs appear to be associated with TJs 
rather than being integral components. In fact, the 
localization of JAMs is not restricted to TJ com- 
plexes and they are also found along the intercel- 
lular clefts. Many lines of evidence indicate that 
JAMs have multiple functions in endothelial cells. 
As suggested by their name, a prominent feature 
of JAMs is their ability to promote intercellular 
adhesion via homophilic binding (Bazzoni et al. 
2000a). However, it is not clear to what extent the 
pro-adhesive function of JAMs is relevant in vivo. 
The inactivation of the JAM-A gene in mice, either 
in the whole organism or in the vasculature only, 
did not lead to significant alterations in interendo- 
thelial contacts (Cera et al. 2004), arguing against 
an essential role of JAM-A in cell-cell adhesion. 
However, based on the co-expression of other 
members of the JAM family in vascular cells, it 
is possible that in knockout cells the function of 
JAM-A is replaced by other JAMs. 

TheJAM family appears to playanimportantrole 
in the recruitment of various proteins to the TJs. 
Indeed, JAM-A associates with zonula occludens-1 
(ZO-1), cingulin, and occludin, inducing their lo- 
calization at TJs (Fig. 16.4; Bazzoni et al. 2000b). In 
addition to these structural components, JAM-A 
also interacts with a broad spectrum of scaffold- 
ing and signaling proteins, including AF6/afadin, 
the PAR-3/aPKC-PAR-6 complex, and MUPP1 (re- 
viewed by Ebnet et al. 2004). While some of these 
interactions appear to mediate the anchorage of 
TJs to the cytoskeleton, others (such as those with 
MUPP1 and the PAR-3/aPKC-PAR-6 complex) have 
been implicated in another important function of 
JAMs, namely the induction and maintenance of 
cell polarity. Although most of these observations 
have been made in non-endothelial cell types, the 
regulatory role of JAMs in cell polarization can be 
extended to the vascular system. Indeed, JAM-A- 
deficient endothelial cells exhibit an abnormal po- 
larized motility, which leads to increased random 
migration (Bazzoni et al. 2005). 

The cellular functions that have been assigned 
to JAMs so far, such as regulation of TJs and cell 
polarity, have important implications for the an- 
giogenic cascade, Hence, vascular JAM proteins 
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could play a direct role in the vascularization 
process, and indeed recent data have confirmed 
this hypothesis. In particular, JAM-A was impli- 
cated as an important mediator downstream of 
a strong angiogenic factor, the basic fibroblast 
growth factor (bFGF). It is noteworthy that these 
studies revealed a novel cross-talk between JAM- 
A and ovf3, an integrin involved in capillary 
morphogenesis. Furthermore, JAM-A appears to 
modulate intracellular signaling during angio- 
genesis, as bFGF failed to induce the usual signal- 
ing cascade in JAM-A-depleted endothelial cells 
(Naik et al. 2003a, 2003b). Finally, recent obser- 
vations have raised the possibility that JAMs are 
involved in tumor angiogenesis. Indeed, an anti- 
body against JAM-C was reported to interfere with 
cancer growth by preventing neovascularization 
(Lamagna et al. 2005). Future studies should ad- 
dress this novel role of JAMs in a systematic man- 
ner, aimed at verifying whether this family of 
proteins could be exploited as novel therapeutic 
targets to block tumor angiogenesis. 

A major function of JAM proteins is their abil- 
ity to regulate the trafficking of leukocytes and 
dendritic cells across the endothelium, a process 
that has crucial implications for the inflammatory 


Fig. 16.4. Vascular tight 
junctions. The molecular 
organization of the tight 
junctions between endo- 
thelial cells is illustrated 
in a schematic manner, 
together with the non- 
junctional adhesion pro- 
vided by PECAM-1 and 
CD146. See the text for 
more detail, Abbrevia- 
tions: cat, catenin; cing, 
cingulin 


response. Interfering with JAM function in vivo, 
e.g., by using neutralizing antibodies, blocks the 
transendothelial migration of monocytes and neu- 
trophils in experimental models of inflammation. 
Vascular JAMs facilitate leuakocyte-endothelium 
interactions by heterophilic binding to blood cell 
integrins (reviewed by Ebnet et al. 2004), In par- 
ticular, leukocyte function-associated antigen-1 
(LFA-1; integrin @LB2) binds to JAM-A, very late 
antigen-4 (VLA-4; integrin 0481) binds to JAM-B, 
and Mac-l (integrin &Mß2) binds to JAM-C. More- 
over, JAMs are also found in certain inflammatory 
cell types, where they mediate transendothelial 
migration. For example, JAM-A‘ polymorphonu- 
clear leukocytes exhibit a reduced ability to cross 
the vessel wall and to infiltrate the perivascular 
tissue during inflammation (Corada et al. 2005). 
Notably, dendritic cells from JAM-A-deficient 
mice cross the lymphatic endothelium more effi- 
ciently than their wild-type counterpart (Cera et 
al. 2004). Thus, JAM-A can have different effects 
on transendothelial migration, depending on mi- 
croenvironmental factors and on the inflamma- 
tory cell type. 


16.4.2 
Other Tight Junction Components 


Besides JAMs, the transmembrane TJ components 
that have been identified in endothelial cells in- 
clude occludin and the claudins 1, 3, 5 (which is 
restricted to the endothelium), and 12 (Nitta et al. 
2003; Bazzoni and Dejana 2004). The functional 
contribution of these proteins to the regulation 
of vascular permeability can be already deduced 
from their distribution along the vascular tree. 
Occludin, for example, is abundantly expressed 
in the blood-brain barrier but its level drops in 
endothelial cells from other vascular districts, 
where it also exhibits a discontinuous distribution 
(Hirase et al. 1997). Both occludin and the endo- 
thelial claudins are able to induce the formation 
of TJ-like structures when ectopically expressed 
in fibroblasts (Furuse et al. 1998), which implies 
that they are not only constituents of the TJs but 
also regulate their organization. Moreover, the 
regulatory roles of occludin and claudins in the 
endothelium appear to extend beyond the mere 
sealing of the endothelium, and to entail the selec- 
tivity properties of the barrier (Miyoshi and Takai 
2005). Other non-junctional activities of TJ pro- 
teins include the ability of claudin-5 to promote 
angiogenesis-related events (Miyamori et al. 2001) 
and that of claudin-1 to translocate to the nucleus 
and regulate gene expression (Dhawan et al. 2005). 
Claudin-1 shares this transcriptional activity with 
intracellular components of TJs, such as ZO-1. The 
latter, indeed, has been shown to induce the ex- 
pression of specific genes, some of which may have 
important implications in angiogenesis (Polette 
et al. 2005). 

Taken together, the findings described above 
point to a finely tuned interplay between junc- 
tional and transcriptional activities of TJ proteins, 
which is probably involved in important aspects of 
endothelial cell pathophysiology. 

While functional TJs are normally conserved 
in cultured epithelial cells, they rapidly disorga- 
nize when primary endothelial cells are kept in 
culture, indicating that in the vascular system 
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TJs are regulated by non-cell-autonomous mecha- 
nisms. Indeed, co-culture systems in which brain 
endothelial cells are in contact with astrocytes, 
or treatment of endothelial cells with astrocyte- 
derived conditioned medium, restore their TJ-de- 
pendent barrier function (Wolburg and Lippoldt 
2002). The microenvironmental factors that con- 
tribute to the formation and maturation of TJs in 
the endothelium remain elusive. However, based 
on the increasing attention that this field has re- 
ceived in the last decade, significant progress in 
this regard can be expected in the near future. 
The knowledge derived from these studies would 
open novel perspectives, for example because of 
the possibility to modulate the permeability of the 
blood-brain barrier and, hence, the therapeutic 
access to the brain. In addition, based on the role 
of vascular TJs in the transendothelial trafficking 
of inflammatory cells (see above), the character- 
ization of extrinsic regulatory mechanisms might 
have important implications also for novel anti- 
inflammatory therapies. 


Non-Junctional Adhesion Molecules 


Some adhesion molecules expressed in endothelial 
cells do not show a specific association to junc- 
tional complexes, but appear distributed along 
the intercellular cleft or over the whole cell sur- 
face. Platelet-endothelial cell adhesion molecule-1 
(PECAM-1, also known as CD31) mediates interen- 
dothelial adhesion through homophilic binding. 
In addition, PECAM-1 has been implicated in a 
broad spectrum of vascular processes, including 
endothelial cell migration, survival, remodeling 
and angiogenesis (reviewed by Jackson 2003). In 
spite of these findings and of the early expression 
of PECAM-1 during the embryonic development 
of the vasculature, PECAM-1-knockout mice are 
viable and fertile, and do not exhibit vascular 
abnormalities (Duncan et al. 1999). To date, the 
role of PECAM-1 in embryonic vasculogenesis and 
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angiogenesis has remained elusive, and compen- 
satory mechanisms during development have not 
been identified. Instead, a critical role for vascular 
PECAM-1 during the inflammatory response has 
been established. By analogy to JAMs, PECAM-1 
modulates vascular permeability and the tran- 
sendothelial migration of leukocytes through the 
endothelial cell junctions, mainly via homophilic 
binding between PECAM-1 molecules present on 
both cell types (Muller 2003). Moreover, PECAM- 
1 directly associates with beta-catenin (Fig. 16.4) 
and, in addition, induces its accumulation and 
nuclear translocation (Biswas et al. 2003), suggest- 
ing that PECAM-1 regulates the transcriptional 
activity of beta-catenin. Finally, recent data have 
also implicated PECAM-1 as an effector in vari- 
ous intracellular signaling pathways. A detailed 
description of these PECAM-1 properties is out of 
the scope of this chapter, but has been provided in 
excellent reviews (Ilan and Madri 2003; Newman 
and Newman 2003). 

The adhesion molecule CD146 is widely ex- 
pressed in endothelial cells and appears to be an 
early marker of the endothelial lineage. Antibod- 
ies against CD146 have become a widespread tool 
to identify vessels in tissue sections and to isolate 
circulating endothelial cells from the blood of 
patients affected by vascular disease. In spite of 
intriguing data that implicate CD146 in interendo- 
thelial adhesion and in signal transduction (An- 
fosso et al. 2001; Bardin et al. 2001), a clear defini- 
tion of its role in the vascular system has remained 
elusive. 


Endothelial Adhesion Molecules 
As Therapeutic Targets for 
Tumor Angiogenesis 


Many of the adhesion molecules described above 
have been shown to be required for vascular re- 
modeling and for the angiogenic cascade. Thus, it 
is conceivable that strategies aimed at interfering 


with their function could prove useful as novel av- 
enues to repress tumor vascularization. A limited 
number of proof-of-concept experiments in this 
regard have been performed already. For example, 
neutralizing antibodies against VE-cadherin were 
shown to inhibit angiogenesis in mouse tumor 
models (Liao et al. 2000). Furthermore, subsequent 
studies have led to the generation of antibodies 
that specifically interfere with tumor vascular- 
ization, avoiding the disruption of VE-cadherin- 
based adhesion in normal vessels and, hence, the 
toxic effects due to diffused vascular permeability 
(Corada et al. 2002; Liao et al. 2002). 

Members of the JAM family have also been im- 
plicated in tumor angiogenesis. The inhibition of 
JAM-C function prevented cancer vasculariza- 
tion and growth (Lamagna et al. 2005), confirm- 
ing that JAMs could serve as targets in anti-an- 
giogenic therapies. Another property of JAMs that 
should be considered in this context is their role 
in modulating the transendothelial migration of 
leukocytes. The inflammatory response that is 
often induced by solid tumors contributes to tu- 
mor progression also because the infiltrating cells 
secrete various angiogenic growth factors, thus 
promoting tumor neovascularization. Moreover, 
the intra- and extravasation processes that are 
utilized by infiltrating leukocytes are remark- 
ably similar to the transendothelial migration of 
tumor cells during the metastatic dissemination. 
This implies that endothelial molecules, such as 
JAMs, PECAM-1 and CD146, that are involved in 
inflammatory infiltration could also facilitate the 
trafficking of tumor cells across the vascular wall. 
Hence, the therapeutic inhibition of adhesion 
molecules promoting transendothelial migration 
of inflammatory cells could prove useful also as 
a strategy to repress the metastatic dissemination 
of tumor cells. 

Several studies under way in various laborato- 
ries focus on the role of vascular adhesion mole- 
cules in tumor angiogenesis and progression. This 
research will certainly have a significant impact 
on the possibility to develop novel anti-tumor 
therapies that could be used in combination with 
the classical chemotherapeutic approaches. 
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Abstract 


Endothelial progenitor cells (EPC), which 
presumable originate from bone marrow- 
derived progenitor cells, circulate with the 
blood on mobilization from the bone mar- 
row, and home to sites of active vessel growth, 
a process termed “adult vasculogenesis”. In- 
fusion of EPC improves neovascularization 
in mice and in clinical trials. Several studies 
demonstrated that EPC contribute to tumor 
angiogenesis. However, the extent of endo- 
thelial incorporation and the precise mecha- 
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nisms by which EPC contribute to neovessel 
formation are still under debate. Defining 
the events in progenitor cell homing and 
differentiation may enable novel therapeutic 
strategies to improve or block vascular re- 
generation. Homing is a multi-step cascade 
including the initial adhesion to activated 
endothelium or exposed matrix, transmigra- 
tion through the endothelium, and, finally, 
migration and invasion into the target tis- 
sue. This review will summarize the current 
understanding of the molecular mechanisms 
mediating EPC homing. 


Introduction 


In 1997, Asahara and colleagues reported the isola- 
tion of putative endothelial progenitor cells (EPC) 
from human peripheral blood. These cells were posi- 
tive for the hematopoietic stem cell marker CD34 
and endothelial markers such as VEGF-R2 (KDR). 
They differentiate to endothelial cells in vitro and 
incorporate into newly formed vessels during angio- 
genesis in vivo (Asahara etal. 1997). Meanwhile, sev- 
eral studies have shown that endothelial cells can be 
ex vivo differentiated from various cell populations 
including peripheral blood-derived mononuclear 
cells, hematopoietic and mesenchymal stem cells, 
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and tissue-residing stem cells (for review see Ur- 
bich and Dimmeler 2004). Subsequently, functional 
studies demonstrated that EPC are preferentially re- 
cruited to sites of ischemia, incorporate into vascu- 
lar structures and functionally improve neovascu- 
larization after critical ischemia (Asahara etal. 1997; 
Shi et al. 1998). Furthermore, EPC attach to denuded 
arteries after balloon injury, and contribute to en- 
dothelial regeneration (Walter et al. 2002; Werner 
et al. 2002). 

Several studies also clearly suggest the contribu- 
tion of bone marrow-derived EPC to tumor angio- 
genesis (Garcia-Barros et al. 2003; Lyden et al. 2001) 
although the extent of contribution as well as the 
precise mechanism are still under debate (for re- 
view see Carmeliet 2005; Ferrara and Kerbel 2005). 
The incorporation rate of EPC into tumor endothe- 
lium ranges from 0-100% depending on the experi- 
mental set-up, e.g. tumor type, host and stage of tu- 
morigenesis (de Palma et al. 2003a,b; Garcia-Barros 
et al. 2003; Li et al. 2004; Lyden et al. 2001; Spring 
et al. 2005). Using the tumor-resident Id-mutant 
mice, EPC give rise to a large proportion of endo- 
thelial cells within xenografted tumors (Lyden 
et al. 2001). In addition, bone marrow-derived en- 
dothelial precursors contribute functionally to 
neovasculature of some but not all spontaneous 
Pten*’” tumors in Id-deficient mice, although to a 
lesser extent (Ruzinova et al. 2003). In a recent study 
from Peters et al. the importance of bone marrow- 
derived EPC in human tumor neovascularization 
after bone marrow transplantation was assessed 
(Peters et al. 2005). Using FISH with X- and Y-chro- 
mosome-specific probes, the proportion of bone 
marrow-derived endothelial cells incorporated 
into the tumor vasculature ranged from 1% to 12% 
and averaged 4.9% (Peters et al. 2005). However, 
de Palma and collaborators proposed that the 
percentage of incorporated EPC into vessels is very 
low and that the majority of bone marrow-derived 
cells are accessory perivascular mononuclear cells 
which release angiogenic factors to stimulate an- 
giogenesis of tumor-resident endothelial cells (de 
Palma et al. 2003b). In accordance, a subset of my- 
eloid bone marrow mononuclear cells stimulates 
neovascularization by releasing pro-angiogenic fac- 


tors such as MMP-9 (Grunewald et al. 2006). These 
bone marrow-derived circulating cells are recruited 
and retained by VEGF and SDF-1, respectively, and 
are positive for VEGF-R1, CD45, CX3CRI, and the 
myeloid marker CD11b. Two other studies also de- 
scribed the recruitment of VEGF-R1* hematopoi- 
etic progenitors that augmented revascularization 
and metastasis (Jin et al. 2006a; Kaplan et al. 2005). 
Moreover, immune cells such as monocytes, mac- 
rophages, dendritic cells, and B lymphocytes have 
been found to be recruited to areas of neo-angiogen- 
esis, suggesting that the co-mobilization of differ- 
ent subtypes of bone marrow mononuclear cells may 
contribute to new vessel formation either via the 
release of paracrine factors (VEGF-RI* cells) or via 
physical incorporation (VEGF-R2* cells). Similar to 
ischemia, the hypoxic core of growing tumors in- 
volving the release of growth factors may influence 
progenitor-mediated tumor vasculogenesis (Annabi 
et al. 2004). Recently, it has been shown that growth 
factor-enriched conditioned medium isolated from 
several tumor cell lines induces bone marrow stro- 
mal cell proliferation, migration and tubulogenesis. 
Interestingly, a specific VEGF-blocking antibody, 
bevacizumab, decreased the number of viable circu- 
lating progenitor cells associated with a reduction 
in tumor perfusion and tumor growth (Willett et al. 
2004). Since different tumors release a specific mix- 
ture of growth factors, it is conceivable that distinct 
tumors may attract different progenitor cell subpop- 
ulations with variable vasculogenic capacity. 

Taking all of these findings together, bone mar- 
row-derived EPC clearly contribute to tumor 
neovascularization, although the extent of their 
contribution as wells as the precise mechanism (in- 
corporation vs paracrine effects) remains to be elu- 
cidated. 


Mechanism of EPC Homing and 
Differentiation 


Although the contribution of EPC to tumor angio- 
genesis and ischemia-induced neovascularization is 
under intensive investigation, little is known about 
the mechanism ofhomingand differentiation of EPC. 
Using intravital fluorescence videomicroscopy, the 
analysis of in vivo homing of embryonic EPC (eEPC) 
elucidated the multistep process of eEPC homing 
and incorporation. This cascade involves the ar- 
rest of circulating cells within tumor microvessels, 
extravasation into the interstitium, and incorpora- 
tion into new vessels, suggesting that adhesion and 
transmigration are involved in the recruitment of 
EPC to sites of tumor angiogenesis (Vajkoczy et al. 
2003). In analogy, ex vivo expanded adult EPC and 
hematopoietic stem/progenitor cells may use simi- 
lar pathways for recruitment and incorporation in 
growing vessels during ischemia and tumor growth. 
Thus, the recruitment and incorporation of EPC re- 
quires a coordinated sequence of adhesion, transmi- 
gration, invasion, and, finally, the differentiation to 
endothelial cells (Fig. 17.1). 


17.2.1 
Homing of EPC 


EPC are preferentially recruited to sites of ischemia 
and can improve neovascularization by direct incor- 
poration into vascular structures and differentiation 
to the endothelial cell phenotype or by paracrine ef- 
fects (Aicher et al. 2003; Asahara et al. 1997, 1999; 
Kalka et al. 2000b; Takahashi et al. 1999; Urbich 
and Dimmeler 2004). Both the paracrine effects and 
the differentiation of the EPC to the endothelial cell 
phenotype are dependent on the homing of EPC to 
sites of active neovascularization. While the hom- 
ing of leukocytes to sites of inflammation is well 
studied (Imhof and Aurrand-Lions 2004; Kinashi 
2005; Luster et al. 2005; Muller 2002), the mecha- 
nisms by which EPC home to sites of ischemia or to 
sites of active tumor neovascularization are poorly 
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understood. During inflammation, the recruitment 
of inflammatory cells requires a coordinated se- 
quence of multistep adhesive and signaling events 
including selectin-mediated rolling, leukocyte acti- 
vation by chemokines leading to activation of integ- 
rins, integrin-mediated firm adhesion on endothelial 
cell monolayers, diapedesis through the endothelial 
cell monolayers and finally migration/invasion into 
the extracellular matrix involving integrin-depen- 
dent processes and matrix-degrading proteases 
(Carlos and Harlan 1994; Imhof and Aurrand-Lions 
2004; Kinashi 2005; Luster et al. 2005; Muller 2002; 
Schenkel et al. 2004; Springer 1994). Evidence from 
recent studies suggests that the homing mechanisms 
of EPC to sites of tumor neovascularization and to 
sites of ischemia have at least some features in com- 
mon with the homing of leukocytes to sites of in- 
flammation. For the initialization of both the EPC 
homing to sites of ischemia/active neovascularization 
and the homing of leukocytes to sites of inflamma- 
tion, the action of chemokines is mandatory (Abbott 
et al. 2004; Walter et al. 2005). In a study assessing the 
in vivo homing of murine embryonic EPC to sites of 
tumor angiogenesis by intravital microscopy, the EPC 
arrested within tumor microvessels, extravasated into 
the interstitium and incorporated into new vessels, 
suggesting that adhesion and transendothelial mi- 
gration are involved in the recruitment of EPC to sites 
of tumor angiogenesis (Vajkoczy et al. 2003). Further- 
more, recent studies support the idea that EPC and 
other progenitor cells engage adhesion molecules for 
homing to sites of neovascularization, similar to the 
engagement of adhesion molecules by leukocytes for 
recruitment to sites of inflammation (Chavakis et al 
2003; Chavakis et al. 2005; Jin et al. 2006b; Yamaguchi 
et al. 2003). In the following sections we will focus 
on the role of chemokines, adhesion molecules and 
proteases for the homing of EPC to ischemic tissues 
and to sites of active neovascularization. 


17.2.1.1 
Role of Chemo-/Cytokines in EPC Homing 


Activation by chemokines is an important step dur- 
ing EPC homing to recruit a reasonable number of 
progenitor cells to the ischemic tissues or to sites of 
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Fig. 17.1. Multistep process of EPC homing. Recruitment and incorporation of EPC into ischemic tissue requires a coordi- 
nated multistep process including mobilization, adhesion, transmigration, migration/chemotaxis, tissue invasion and in 
situ differentiation. The factors which are proposed to regulate the distinct steps are indicated 


active tumor angiogenesis. The factors that attract 
circulating EPC to the ischemic and to tumor tissues 
may be similar to those regulating hematopoietic 
stem cell engraftment to the bone marrow. Indeed, 
SDF-1 has been shown to stimulate not only stem cell 
engraftment but also the recruitment of progenitor 
cells to the ischemic tissue (Lapidot 2001; Wright 
et al. 2002; Yamaguchi et al. 2003). The expression 
of SDF-1 is upregulated during ischemia (Abbott 
et al. 2004; Ceradini et al. 2004; de Falco et al. 2004). 


Moreover, Abbott and colleagues could demonstrate 
that inhibition of the SDF-1/CXCR4 axis partially 
blocks the homing of progenitor/stem cells to the 
ischemic myocardium (Abbott et al. 2004). In line 
with these data, inhibition of CXCR4 by neutral- 
izing anti-CXCR4 antibodies significantly reduced 
SDF-1-induced adhesion of EPC to mature endothe- 
lial cell monolayers, the migration of EPC in vitro 
(Ceradini et al. 2004), and the in vivo homing of 
EPC to the ischemic limb in the model of hind limb 


ischemia (Walter et al. 2005). Moreover, overex- 
pression of SDF-1 enhanced stem cell homing and 
incorporation into ischemic tissues (Askari et al. 
2003; Yamaguchi et al. 2003). 

Recent evidence additionally suggests that other 
chemokines may also be involved in the homing of 
EPC to sites of ischemia and active angiogenesis. 
CXC-chemokines IL-8/Gro-a@ and their cellular re- 
ceptors CXCR2 and CXCRI seem to be involved in 
the homing of intravenous infused CD34* progeni- 
tor cells to the ischemic myocardium (Kocher et al. 
2006). IL-8 is an inflammatory chemokine which is 
able to stimulate angiogenesis (Muller 2002; Strieter 
et al. 2005). Myocardial infarction leads to an in- 
crease of the expression of IL-8/Gro-& mRNA in the 
heart and of the serum concentration of IL-8/Gro-a 
(Kocher et al. 2006). CD34*/CD117>"8"' progenitor 
cells demonstrated a chemotactic response to IL- 
8 (ligand for CXCR1 and CXCR2) in vitro (Kocher 
et al. 2006). Moreover, local injection of IL-8 in the 
non-ischemic myocardium was able to increase the 
recruitment of CD34* cells (Kocher et al. 2006). Neu- 
tralizing anti-IL-8/Gro-a antibodies or neutralizing 
antibodies against CXCR1 or CXCR2 (receptors for 
IL-8) partially blocked the recruitment of EPC to the 
ischemic myocardium and the EPC-induced neovas- 
cularization, establishing a role for CXC chemokines 
(IL-8/Gro-q) in the homing and neovascularization 
capacity of EPC. Furthermore, ischemia-induced 
VEGF acts as a chemoattractant to EPC (Kalka 
et al. 2000a; Lee et al. 2000; Shintani et al. 2001). In- 
terestingly, VEGF is sufficient to induce the organ 
recruitment of bone marrow-derived circulating 
myeloid cells and their perivascular localization 
via induction of SDF-1 expression by perivascular 
myofibroblasts, suggesting that different cytokines 
may cooperate during homing of bone marrow cells 
(Grunewald et al. 2006). In addition, immune compe- 
tent cells that have invaded the ischemic tissue may 
release further chemokines, such as MCP-1 or inter- 
leukins, that can attract circulating progenitor cells 
(Fujiyama et al. 2003). Beside stimulating migration, 
MCP-1 and VEGF are capable of inducing the tran- 
sendothelial migration of human EPC derived from 
peripheral blood in a B2-integrin-dependent manner 
in vitro (Chavakis et al. 2005). In accordance with 
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these data, Spring and colleagues demonstrated re- 
cently the expression of the chemokine receptors 
CCR2 and CCRS5 in EPC and the expression of C-C 
chemokines in tumor vessels (Spring et al. 2005). In 
the same study, the inhibition of chemokine receptor 
signaling by PTX reduced significantly the homing of 
EPC and the incorporation of EPC into tumor vessels 
(Spring et al. 2005), supporting the involvement of G- 
protein coupled chemokine receptors in the homing 
of EPC to sites of tumor angiogenesis. In conclusion, 
these data suggest that chemokines - IL-8, SDF-1 and 
probably others - are involved in the trafficking of 
EPC from the bloodstream to ischemic tissues and 
to sites of tumor neovascularization. Beside classi- 
cal chemokines, other factors that could be present in 
the ischemic myocardium may also influence the re- 
cruitment of EPC. For instance, high-mobility group 
box-1 (HMGB-1) is a nuclear protein which is released 
extracellularly upon activation of cells by inflamma- 
tory cytokines and during cell necrosis and acts as 
a chemoattractant for inflammatory cells and stem 
cells in vitro and in vivo (Chavakis et al. 2003; Yama- 
guchi et al. 2003; Lotze and Tracey 2005; Palumbo et 
al. 2004). Since necrosis and inflammation are hall- 
marks of ischemic and tumor tissues, it is conceivable 
that HMGB-1 may be involved in the homing of EPC. 
However, while the role of chemokines as chemoat- 
tractants during migration of EPC is well established, 
less is known about the role of chemokines/chemo- 
kine receptors for other steps of EPC homing such as 
adhesion and transendothelial migration. 


17.2.1.2 
Role of Adhesion Molecules in EPC Homing 


Role of Selectins in Rolling 


In the paradigm of leukocyte homing to sites of 
inflammation the initial step involves the rolling of 
the leukocytes on the endothelium (Muller 2002). 
Circulating leukocytes must come into brief low- 
affinity contacts (rolling) with the endothelial cell 
monolayer in order to get activated by cytokines 
and to arrest in the subsequent step on endothe- 
lial cells. In circulating leukocytes, rolling on the 
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endothelial cell monolayer is predominantly medi- 
ated by selectins and selectin ligands (Luster et al. 
2005; McEver 2002; Muller 2002). The selectin fam- 
ily of adhesion molecules consists of three related 
molecules. L-selectin is constitutively expressed 
in most leukocytes (McEver 2002). The expression 
of E-selectin is restricted to endothelial cells acti- 
vated by inflammatory cytokines, while P-selectin 
expression is restricted to both endothelial cells 
and platelets. P-selectin expression on the surface 
of platelets and endothelial cells can rapidly be in- 
duced by exocytosis. Moreover, E-selectin expres- 
sion in endothelial cells can be induced by inflam- 
matory cytokines. Selectins bind sialyl-Lewis-X-like 
carbohydrate ligands presented by sialomucin-like 
surface molecules such as P-selectin-glycoprotein 
ligand-1 (PSGL-1) (Luster et al. 2005). The selec- 
tin-mediated binding to the selectin counterligands 
is transient, allowing the rolling of the leukocytes. 
Beside selectins, 04B1-integrin also was reported 
to mediate rolling on VCAM-1 (Berlin et al. 1995; 
Henderson et al. 2001). 

Interestingly, using intravital microscopy in a 
model of tumor angiogenesis no rolling of embry- 
onic EPC was observed (Vajkoczy et al. 2003). In the 
same study, however, in vivo blocking experiments 
provided evidence that E- and P-selectin and PSGL- 
1 are involved in the initial cell arrest of embryonic 
EPC (Vajkoczy et al. 2003). Additionally, in another 
study also using intravital microscopy, it was re- 
ported that murine bone marrow-derived progeni- 
tor cells (Sca-1*/Lin‘cells) display rolling on the 
endothelium of the tumor vasculature before firm 
adhesion (Jin et al. 2006b). Moreover, human hema- 
topoietic progenitor CD34+ cells show efficient roll- 
ing on P-selectin, E-selectin, and the CD44 ligand 
hyaluronic acid under physiological shear flow in 
vitro (Peled et al. 1999). In addition, L-selectin is ex- 
pressed by EPC, and L-selectin interactions with the 
respective ligands seem to support homing of EPC 
to endothelioma tumors in SCID mice (Biancone 
et al. 2004). 


Role of Integrins in Adhesion, 
Transendothelial Migration and Migration of EPC 


The process of rolling is reversible. Many leukocytes 
that roll in vivo will not stop, but dissociate from 
the vessel surface and reenter the bloodstream. To 
stop rolling, the low-affinity rolling interactions 
must be replaced by high-affinity adhesion. Thus, 
the subsequent step of leukocyte homing consists 
of integrin activation by chemokines and the inte- 
grin-dependent arrest/firm adhesion of the leuko- 
cytes on the endothelium. Integrins are glycosylated 
heterodimeric proteins expressed on the cell surface 
that mediate the adhesion of cells to extracellular 
matrix proteins (cell-matrix adhesion) and to other 
cells (cell-cell adhesion) (Hynes 2002). Integrins 
consist of non-covalent bound a@- and B-subunits 
(Hynes 2002). For the homing of leukocytes to sites 
of inflammation, cell-cell interactions of the leuko- 
cytes with the endothelium of the vessels are man- 
datory. Leukocytes possess a unique family of inte- 
grins, the $2-integrins (CD1la/CD18, CD11b/CD18, 
CD11c/CD18). In addition, many leukocytes express 
the Bl-integrin «481 (very late antigen-4, VLA-4, 
CD49d/CD29) and the integrin 0487. The §2-inte- 
grins, @4Bl-integrin and «4{7-integrin are all able 
to mediate cell-cell interactions to counterligands 
expressed on the surface of endothelial cells. CD1la/ 
CD18 (LFA-1, aLB2) is able to bind to ICAM-1, -2 
and -3 and JAM-A expressed by endothelial cells. In 
contrast, CD11b/CD18 (Mac-1, @MB2) is a multili- 
gand integrin receptor which binds to ICAM-1, RAGE 
and JAM-C on endothelial cells and to extracellular 
proteins such as fibrinogen, coagulation factor X and 
iC3b (Carlos and Harlan 1994; Chavakis et al. 2003; 
Plow et al. 2000; Santoso et al. 2002; Springer 1994). 
The a4Bl-integrin (VLA-4, CD49d/CD29) binds to 
VCAM-1 expressed by endothelial cells activated 
with cytokines (Carlos and Harlan 1994; Plow et al. 
2000; Springer 1994). In order to extravasate from 
the bloodstream at sites of infection, inflammation, 
tissue damage and at lymphoid organs, various roll- 
ing leukocytes captured from the blood flow must 
rapidly establish adhesive interactions with the en- 
dothelial cells, which are resistant to detachment by 
disruptive shear forces. Leukocytes arrest on endo- 


thelial integrin ligands after variable periods of se- 
lectin-mediated rolling, only after proper activation 
of the integrins (Kinashi 2005; Laudanna and Alon 
2006). There are two mechanisms regulating the ad- 
hesive activity of integrins. One pathway involves the 
regulation of integrin affinity for the respective li- 
gands mediated by conformational changes of the in- 
tegrin subunits (Carman and Springer 2003; Dustin 
et al. 2004; Kinashi 2005). Interestingly, integrins 
seem to exist in low-, intermediate- and high-affin- 
ity conformations (Shimaoka et al. 2003). The other 
pathway involves the regulation of integrin valency 
mediated by changes of integrin distribution on the 
cell surface (lateral motility) (Bazzoni and Hemler 
1998; Kinashi 2005). Both mechanisms seem to be 
involved concomitantly in the regulation of leuko- 
cyte arrest (adhesion) on the endothelium (Kinashi 
2005; Laudanna and Alon 2006). Recent evidence 
suggests that rapid triggering of integrin-dependent 
adhesion of leukocytes is preferentially transduced 
by G-protein-coupled receptors occupied by immo- 
bilized, endothelial-presented chemokines, rather 
than by their soluble blood-circulating counterparts 
(Grabovsky et al. 2000; Peled et al. 1999; Shamri et 
al. 2005). Chemokines are presented by the activated 
endothelial cells to the rolling leukocytes and lead 
by intracellular signaling (inside-outside signal- 
ing) to an increase of integrin activity of leukocytes 
(Kinashi 2005). When activated, the leukocyte inte- 
grins bind to their respective ligands expressed by 
the endothelium and induce the arrest of the roll- 
ing leukocytes (Kinashi 2005; Laudanna and Alon 
2006). The chemokine-induced signaling leading to 
integrin activation and subsequent arrest of rolling 
leukocytes seems to happen in an immediate rather 
than in a stepwise successive manner (Shamri et al. 
2005). Regarding hematopoietic progenitor CD34* 
cells it was demonstrated that SDF-1 expressed on 
vascular endothelium is crucial for translation of 
rolling adhesion of CD34* progenitor cells into firm 
adhesion by increasing the adhesivity of the integ- 
rins 04B1 and LFA-1 to their respective endothelial 
ligands, VCAM-1 and ICAM-1 (Peled et al. 1999). 
Recent evidence supports the involvement of in- 
tegrins in the homing of EPC and progenitor cells 
to sites of active neovascularization. Human adult 
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peripheral blood-derived EPC, murine adult bone 
marrow-derived EPC (VEGFR2*/Lin™ cells) and 
bone marrow-derived hematopoietic progenitor/ 
stem cells (Sca-1*/Lin™ cells) express the leukocyte 
B2-integrins (Chavakis et al. 2005). The expression 
of B2-integrins in bone marrow-derived hemato- 
poietic progenitor/stem cells (Sca-1*/Lin” cells) was 
also reported by other groups (Becker et al. 1999; 
Jin et al. 2006b; Orschell-Traycoff et al. 2000). In 
vitro adhesion studies revealed that B2-integrins 
mediate the adhesion of human EPC (derived from 
peripheral blood) to mature endothelial cell mono- 
layers, while the o4B1-integrin was not involved in 
this process (Chavakis et al. 2005). Interestingly, 
murine bone marrow Lin“progenitor cells adhere 
to mature endothelial cell monolayers via both 
the B2-integrins and o4B1-integrin (unpublished 
data), suggesting that progenitor cells of different 
origins engage different mechanisms for adhesion 
to mature endothelial cells. In addition, B2-integ- 
rins play an essential role for the homing of murine 
bone marrow Sca-1*/Lin” hematopoietic progeni- 
tor cells and murine VEGF-R2*/Lin” bone marrow 
EPC to ischemic tissues and for the neovascular- 
ization capacity of these cells in vivo (Chavakis 
et al. 2003; Yamaguchi et al. 2003; Chavakis et al. 
2005). Since the §2-integrins led only to a partial 
inhibition of the homing to sites of ischemia and 
of the neovasculatory capacity of progenitor cells, 
it is conceivable that other integrins may also be 
involved in these processes. Interestingly, in a re- 
cent study the blockade of o4f1-integrin did not 
inhibit homing of bone marrow-derived EPC to 
ischemic tissues but increased mobilization of pro- 
genitor cells from the bone marrow and enhanced 
the progenitor cell-mediated neovascularization in 
the context of ischemia (Qin et al. 2006). Neverthe- 
less, in a tumor model the inhibition of 0481-in- 
tegrin significantly blocked adhesion and homing 
of bone marrow progenitor cells to sites of active 
tumor neovascularization as assessed by intravital 
microscopy (Jin et al. 2006b). A conceivable expla- 
nation for this discrepancy is that different integ- 
rins may play distinct context-specific roles (isch- 
emic vs tumor neovascularization) for homing of 
progenitor cells. 
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After establishing adhesive contracts to the en- 
dothelium the leukocytes move in a $2-integrin- 
dependent manner from the site of firm adhesion 
to the nearest junctions (Schenkel et al. 2004). Then 
leukocytes pass across them in a process called 
transendothelial migration or diapedesis. During 
diapedesis the leukocytes squeeze (in ameboid 
fashion) between the tightly apposed endothelial 
cells. Two routes of leukocyte diapedesis have been 
found so far: a paracellular route that dominates 
most extravasation and a transcellular route (Car- 
man and Springer 2004; Muller 2002, 2003). Inter- 
action of integrins with their respective ligands 
expressed by endothelial cells like ICAM-1 and 
VCAM-1 seems to be involved in the process of 
leukocyte transmigration (Carman and Springer 
2004; Oppenheimer-Marks et al. 1991), Moreover, 
junctional adhesion molecules (JAM) localized 
at the cell junctions are counter-receptors for in- 
tegrins. Indeed, it has been demonstrated that 
JAM-A is a ligand of CD1la/CD18, JAM-B a ligand 
of o4Bl-integrin and JAM-C a ligand of CD11b/ 
CD18 (Cunningham et al. 2002; Ostermann et al. 
2002; Santoso et al. 2002). There is evidence that 
the interaction of integrins with the respective 
junctional ligands is involved in diapedesis (Cha- 
vakis et al. 2004; Keiper et al. 2005; Ostermann 
et al. 2002). Moreover, homophilic interactions of 
leukocyte PECAM-1 with endothelial PECAM-1 
and of leukocyte CD99 with endothelial CD99 play 
an essential role in the paracellular diapedesis of 
leukocytes (Muller 2003; Schenkel et al. 2002). 

Less is known about the transendothelial migra- 
tion of EPC. In vivo studies demonstrated that em- 
bryonic EPC and murine bone marrow progenitor 
cells are able to extravasate (Jin et al. 2006b; Vajkoczy 
et al. 2003). However, it is not clear whether EPC can 
follow a paracellular and a transcellular route dur- 
ing diapedesis as has been reported for leukocytes. 
In vitro studies revealed that the B2-integrins play an 
essential role for the chemokine-induced transend- 
othelial migration of human adult peripheral blood- 
derived EPC, while o4B1-integrin is not involved in 
this process (Chavakis et al. 2005). However, the role 
of PECAM-1 and CD99 in the diapedesis of EPC has 
not been elucidated so far. 


After transmigration the subsequent step of leu- 
kocyte homing is the migration through the basal 
lamina and through the interstitial extracellular 
matrix. These processes require cell-matrix inter- 
actions. It was shown that the laminin-binding in- 
tegrin 681 is important for the migration of leu- 
kocytes through the basal lamina (Dangerfield et al. 
2002, 2005). Moreover, it was demonstrated that both 
Bl- and B2-integrins mediate the in vivo migration 
of leukocytes (Werr et al. 1998). Specifically, the B2- 
integrin CD11b/CD18 binds to fibrinogen, which is a 
component of extracellular matrix in the context of 
inflammation and mediates migration (Forsyth etal. 
2001). The role of integrins in the in vivo migration 
of EPC has not been established so far. However, B1- 
integrins appear to mediate the chemokine-induced 
migration of adult human peripheral blood-derived 
EPC on the matrix protein fibronectin, while the B2- 
integrins mediate the EPC migration to fibrinogen 
(unpublished data). 


17.2.1.3 
Role of Proteases in EPC Homing and Differentiation 


Proteases are well established to be involved in 
angiogenesis, in particular in migration of endo- 
thelial cells. Growing evidence suggests that peri- 
cellular proteases also play an important role in 
vasculogenesis (Fig. 17.2). Thus, the mobilization, 
recruitment and invasion of stem and progenitor 
cells during vasculogenesis also involves proteo- 
lytic activity. Proteases comprise a large family 
of matrix metalloproteinases (MMPs), the related 
"a disintegrin and metalloprotease domain” pro- 
teins (ADAMs) and the catalytic classes of serine, 
aspartic and cysteine proteases exhibiting endo- or 
exopeptidase activities or a combination of both. 
Extracellular proteases may affect neovasculariza- 
tion by degradation of the extracellular matrix and 
cell surface receptors and activation, liberation and 
modification of angiogenic growth factors. Intracel- 
lularly, proteases mediate protein maturation and 
processing (van Hinsbergh et al. 2006). One impor- 
tant intracellular target is the angiogenesis-regulat- 
ing transcription factor HIF-1a (Salceda and Caro 
1997). 
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Fig. 17.2. Summary of proteases involved in angiogenesis 
and vasculogenesis 


In the following section, we will introduce the 
protease families MMPs, ADAMs, cysteine and ser- 
ine proteases and describe their contribution to EPC 
homing and differentiation. 


Metalloproteinases 


MMPs are zinc-dependent endopeptidases that 
are either soluble or membrane-type (MT) MMPs. 
Soluble MMPs are expressed as inactive pro-en- 
zymes that become activated within the extracel- 
lular environment. MMPs cleave extracellular ma- 
trix components, other MMPs and growth factors. 
Based on their substrate specificity they are involved 
in cell migration and invasion and in remodeling 
processes such as angiogenesis, arterial remodeling 
and wound healing. The endogenous inhibitors of 
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MMPs are tissue inhibitors of metalloproteinases 
(TIMPs). The soluble MMPs comprise collagenases 
(MMP-1, MMP-8, and MMP-13), gelatinases (MMP- 
2 and MMP-9), stromelysins (MMP-3, MMP-10, and 
MMP-1]), matrilysins (MMP-7 and MMP-25), and 
others (MMP-12 and MMP-26). The MT-MMPs con- 
sist of six family members (MT1- to MT6-MMP) that 
are activated intracellularly by furin-like enzymes. 
The MT-MMP substrates include extracellular ma- 
trix proteins, such as collagen, laminin, fibronec- 
tin, vitronectin and fibrin, and growth factors and 
cytokines. 

ADAMs (a disintegrin and metalloproteinase 
domain) and ADAMTSs (a disintegrin and metal- 
loproteinase with thrombospondin motifs) also 
belong to the family of metalloproteinases. ADAMs 
are membrane-spanning proteins and ADAMTSs 
are secreted. 

MMPs as well as ADAMs are well established to 
contribute to angiogenesis (for review see van Hins- 
bergh et al. 2006); however, for vasculogenesis only 
a few studies have assessed the role of MMPs. As 
shown by Rafii’s group, the mobilization of stem- and 
progenitor cells requires MMP-9 mediated release of 
kit-ligand (Heissig et al. 2002). Thus, bone marrow 
(BM) ablation induces the upregulation of MMP-9 
within the BM microenvironment. MMP-9 releases 
soluble Kit ligand (sKitL), which augments mobility 
of EPC and hematopoietic stem cells (HSC) and mo- 
bilization to the peripheral circulation (Heissig et al. 
2002). Moreover, circulating VEGF induced MMP-9 
expression in the BM, leading to the release of sKitL. 
In accordance, the reduction of MMP-9 activity may 
underlie the defective mobilization described in 
eNOS" mice (Aicher et al. 2003), suggesting a spe- 
cific role of MMP-9 in mobilization. 

MMP-2 and other MMPs can also cleave and in- 
activate SDF-1 and its receptor CKCR4 (McQuibban 
etal. 2001),a chemokine which potently recruits stem 
and progenitor cells. Moreover, VEGF is a target of 
MMP-3 and MMP-9 (Lee et al. 2005), suggesting that 
protease activity can interfere with the bioavailabil- 
ity of cytokines and chemokines involved in vascu- 
logenesis. Using positron emission tomography for 
in vivo real-time investigation of trafficking of EPC 
revealed that recruitment of EPC to the tumor tis- 
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sue was only slightly reduced by treatment with the 
MMP inhibitor MMI270 (Tamura et al. 2004). More- 
over, MMP inhibitors did not affect EPC invasion in 
vitro (Urbich et al. 2005b), leading to the specula- 
tion that MMPs may be specifically involved in EPC 
mobilization rather than homing to the target tis- 
sue. This is supported by the finding that homing 
of MMP-9-deficient bone marrow mononuclear cells 
into ischemic hind limbs is not impaired (Urbich 
et al. 2005b). However, it is also conceivable that dif- 
ferent subsets of progenitor cells may use different 
sets of proteases for either mobilization and/or hom- 
ing. Thus, recruited myeloid VEGF-R1* cells release 
MMP-9, which may in turn facilitate the homing of 
other progenitor cells (Grunewald et al. 2006). How- 
ever, further studies are required to analyze role of 
proteases in the complex scenario of EPC homing. 


Cathepsins 


In 1948 cathepsin C, also known as dipeptidyl pep- 
tidase I or DPPI, was found as the first pure enzyme 
of the lysosomal cysteine protease family. Around 
30 years later cathepsins B, H, and L were identi- 
fied. Meanwhile, more than 10 human cathepsins are 
known. Lysosomal cysteine proteases are active in 
slightly acidic conditions. Most of the cathepsins are 
endopeptidases, composed of disulfide-connected 
heavy and light chains. Similar to MMPs, most of the 
cathepsins are expressed as inactive pro-enzymes, 
which are activated by removal of amino acids from 
the N-terminus. The processing is mediated either 
by activation through other proteases (e.g., pepsin or 
cathepsin D), or by autocatalytic activation at acidic 
pH. The activity of cathepsins is further regulated by 
endogenous protein inhibitors, cystatins. 

Several in vitro studies as well as knockout stud- 
ies revealed an important role of cathepsins not 
only in protein degradation as expected, but also 
in specialized cellular processes such as invasion 
and proliferation. Cathepsin K is crucial for nor- 
mal bone remodeling, whereas cathepsins $ and L 
are involved in MHC class II processing. In addi- 
tion, cathepsin S knockout mice showed impaired 
microvessel growth (Shi et al. 2003). Interestingly, 
cathepsins B, K, and L are also localized and active 


extracellularly (Graf et al. 1981; Mason et al. 1987; 
Tepel et al. 2000). Yet, there is growing evidence 
for specific and individual intra- and extracellular 
functions for these lysosomal enzymes, especially 
leading to tumor invasion and metastasis. In detail, 
cathepsin D promotes tumor progression by modu- 
lating proliferation and angiogenesis (Berchem et al. 
2002), and cathepsin L anti-sense oligonucleotides 
inhibit invasion of osteosarcoma cells (Krueger et 
al. 2001). For their extracellular actions, lysosomal 
peptidases are secreted in considerable amounts. 
For example, early investigations on the cysteine 
peptidase cathepsin L revealed that this protease is 
identical to the “major excreted protein” of malig- 
nantly transformed mouse fibroblasts (Mason et al. 
1987). Specifically, tumor-released cathepsin L has 
been shown to produce the angiogenesis inhibitor 
endostatin from collagen XVIII that is the core pro- 
tein of heparan sulfate proteoglycans in vascular and 
epithelial basement membranes (Felbor et al. 2000). 
Moreover, cathepsin L exerts specific physiological 
functions, including the regulation of epidermal 
homeostasis, hair follicle cycling, cardiac function, 
and MHC class II-mediated antigen presentation 
(Honey et al. 2002; Nakagawa et al. 1998; Roth et al. 
2000; Stypmann et al. 2002; Tobin et al. 2002). With 
respect to vasculogenesis, we have recently shown 
that cathepsin L is specifically required for EPC-in- 
duced neovascularization. Thus, EPC showed a high 
expression and activity of cathepsin L. The improve- 
ment of neovascularization after hind limb ischemia 
was significantly impaired in cathepsin L~ mice, 
and infused cathepsin L~ progenitor cells failed to 
home to sites of ischemia and to augment neovas- 
cularization. This seems to be specific for cathepsin 
L, since cathepsin D-/- or MMP-9~"" progenitor cells 
did not show an impaired phenotype. Mechanisti- 
cally, cathepsin L was necessary for EPC invasion 
and proteolytic matrix-degrading activity of EPC 
(Urbich et al. 2005b). Moreover, our study revealed 
that ischemia-induced cathepsin L activity depends 
on irradiation-sensitive cells (most probably bone 
marrow-derived cells), whereas ischemia-induced 
MMP-9 activity was independent on bone marrow- 
derived cells (most probably tissue-residing cells) 
(Urbich et al. 2005b). 


Serine Proteases and Others 


Serine proteases are endopeptidases that are mainly 
synthesized as zymogens and are activated by 
N-terminal cleavage. The serine protease urokinase- 
type plasminogen activator (u-PA) proteolytically 
activates plasminogen into plasmin. Tissue-type 
plasminogen activator (t-PA) cleaves plasminogen 
in the presence of fibrin during fibrinolysis of the 
blood. Both u-PA and t-PA are inhibited by plas- 
minogen activator inhibitors (PAIs). u-PA and its 
receptor u-PAR are well established to be involved 
in cell migration and invasion (for review see 
Andreasen et al. 1997; Pepper 2001). A recent study 
have shown that EPC-derived endothelial cells 
(EPDC) displayed high levels of u-PA and u-PAR 
(Basire et al. 2006). Moreover, inhibition of u-PA by 
blocking antibodies reduced proliferation, migra- 
tion and tube-forming activity of EPDC, suggesting 
that the u-PA-/u-PAR-dependent proteolysis con- 
tributes not only to angiogenesis but also to vas- 
culogenesis. 

Beside the u-PA system, other proteases may 
be involved in vasculogenesis. Thus, the chemoat- 
tractant SDF-1 is processed by the aminopeptidase 
DPPIV/CD26 and carboxypeptidase N (Davis et al. 
2005; de la Luz Sierra et al. 2004), thus regulating its 
biological activity. 

Taken together, proteases (especially MMPs, cys- 
teine and serine proteases) have attracted increas- 
ing interest during the past few years with regard to 
vasculogenesis. They can modulate EPC homing in 
many different ways. In this context it will also be 
important to identify specific targets of proteases. 


17.2.2 
Differentiation and Release of Growth Factors 


Although the role of EPC in the improvement of neo- 
vascularization is under intensive investigation, the 
mechanisms of action are still not clear. Moreover, 
the physical contribution of EPC to tumor vessels 
is variable. Two main mechanisms may contribute 
to the functional activity of EPC, namely incorpo- 
ration and differentiation to endothelial cells and 
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the release of paracrine factors. Several studies have 
clearly demonstrated that EPC incorporate and dif- 
ferentiate to endothelial cells in various animal 
models of ischemia, injury or tumor growth. In ad- 
dition, EPC also release a variety of growth factors 
such VEGF, SDF-1, IGF-1, and HGF, which in turn 
may stimulate angiogenesis and the recruitment 
and survival of other progenitor cells, such as car- 
diac-resident progenitor cells (Urbich et al. 2005a). 
However, the relative contribution of incorporation 
versus paracrine effects is not known and is difficult 
to assess in vivo. 

The genetic cascades regulating maturation of 
EPC to functional endothelial cells in the adult sys- 
tem are largely unknown. During embryonic devel- 
opment, VEGF and its receptors play a crucial role 
for stimulating endothelial differentiation of the 
hemangioblasts (Ferrara et al. 1996; Fong et al. 1995; 
Shalaby et al. 1995). Likewise, VEGF induces ex vivo 
endothelial differentiation of a variety of adult pro- 
genitor populations such as CD34*, CD133*, and 
peripheral blood mononuclear cells (Asahara et al. 
1997; Dimmeler et al. 2001; Gehling et al. 2000; Kalka 
et al. 2000b). During embryonic development, the 
orphan homeobox gene Hex (also termed Prh) is re- 
quired for differentiation of the hemangioblast into 
the definitive hematopoietic progenitors and also for 
endothelial differentiation (Guo et al. 2003). Beside 
embryonic development, homeobox transcription 
factors seem to be of importance for the adult or- 
ganism. Thus, the homeobox factor HoxA9 acts as a 
master switch to regulate expression of prototypical 
endothelial-committed genes such as eNOS, VEGF- 
R2, and VE-cadherin and mediates shear stress-in- 
duced maturation of endothelial cells. Consistently, 
HoxA9-deficient mice exhibit lower numbers of EPC 
and showed an impaired postnatal neovasculariza- 
tion capacity after induction of ischemia (Rossig 
et al. 2005). Additionally, the serine/threonine ki- 
nase Pim-1 was recently discovered as a VEGF-re- 
sponsive gene that contributes to endothelial dif- 
ferentiation from embryonic stem cells (Zippo 
et al. 2004). However, further studies are necessary 
to elucidate the coordinated interplay of transcrip- 
tion factors and other signaling molecules during 
EPC differentiation. 
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Conclusion/Open Questions 


In the past few years the insights gained into the 
role of EPC activation by chemokines, the role of 
integrins in EPC adhesion, transendothelial migra- 
tion and matrix migration, and the role of prote- 
ases in matrix migration/invasion have raised new 
questions in the field of EPC trafficking to sites of 
active neovascularization: Are the mechanisms of 
homing tissue-specific (e.g., ischemic heart vs isch- 
emic limb) and/or context-specific (ischemia- vs tu- 
mor-induced neovascularization)? Moreover, since 
distinct subpopulations of progenitor cells are able 
to support neovascularization, a relevant question 
is whether these subpopulations are engaging the 
same molecular mechanisms for homing to sites 
of ischemia and tumor neovascularization. Finally, 
less is known about the intracellular signaling me- 
diating the chemokine-induced activation of effec- 
tor molecules in EPC (such as integrins, proteases), 
which are essential for the homing. Transgenic ani- 
mal models, which enable us to perform either gain- 
or loss-of-function studies in tissue-specific fashion 
or in a conditional manner, will help to clarify the 
signaling cascades that are essential for the recruit- 
ment of EPC. 

In conclusion, the recent evidence suggests that 
the EPC homing to sites of active neovascularization 
is a complex process dependent on a timely and spa- 
tially orchestrated interplay between chemokines, 
chemokine receptors, intracellular signaling, adhe- 
sion molecules (selectins and integrins) and prote- 
ases. The elucidation of the molecular mechanisms 
of homing of the different progenitor cell subpopu- 
lations to sites of neovascularization is essential for 
the development of new specific therapeutic strate- 
gies, in order to improve the efficacy of cell-based 
therapies in patients with ischemic disorders and 
to inhibit EPC-mediated neovascularization in pa- 
tients with tumors. 
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Abstract 


significant insight into the biology of lym- 
phatic vasculature. Another important ad- 


Lymph vessels are essential for the mainte- 
nance of tissue fluid homeostasis and im- 
mune surveillance and are involved in the 
pathogenesis of several human diseases, 
such as lymphoedema, inflammation and 
tumour metastasis. The identification of 
lymphangiogenic growth factors and their 
receptor, and of transcription factors that 
control lymphangiogenesis, have provided 


vance has been the recent development of 
mouse, frog and fish models that allow the 
study of lymphangiogenesis and diseases 
affecting lymph vessels. In this review we 
discuss some of the major molecular play- 
ers involved in regulation of lymphangio- 
genesis and lymph vessel remodelling, and 
the role of lymph vessels and their regula- 
tors in human disease. 
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The main function of the lymphatic system is to 
transport interstitial fluid, extravasated plasma 
proteins and cells back into the blood circulation. 
Lymph vessels also form a part of the immune 
system together with the lymphoid organs, and are 
involved in absorption and transport of digested 
fat from the intestine. Blind-ended lymphatic cap- 
illaries in peripheral tissues collect fluid that is 
passed on to pre-collecting and collecting vessels, 
going through lymph nodes on its way back to the 
venous circulation via the final collecting vessel, 
the thoracic duct. Lymphatic capillaries consist of 
a single layer of endothelial cells with overlapping 
junctions, have a discontinuous basement mem- 
brane or none at all, and have no surrounding peri- 
cytes or smooth muscle cells. These morphological 
features make lymphatic capillaries highly per- 
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meable to large macromolecules and easily acces- 
sible to extravasated white blood cells. Attached 
to capillary lymphatic endothelial cells are thin 
anchoring filaments that link the capillaries to 
extracellular matrix, preventing their collapse at 
high interstitial pressure. Collecting lymph vessels 
have sparse smooth muscle cell coverage, a base- 
ment membrane, and irregularly spaced valves. 
Lymph is propelled forward by contractions of 
the smooth muscle cells and surrounding skeletal 
muscle, valves preventing backflow. The structure, 
function and development of the lymphatic system 
has been described in more detail in several re- 
view articles (Alitalo et al. 2005; Hong et al. 2004b; 
Jeltsch et al. 2003; Karpanen and Makinen 2006; 
Oliver and Alitalo 2005; Tammela et al. 2005a; 
Witte et al. 2001). Lymphoedema, the accumula- 
tion of protein-rich fluid in interstitial tissues, oc- 
curs in humans either as a hereditary disease or 
due to lymph vessel damage or removal. Lymph 
vessels also serve as a major metastatic route for 
tumour cells, and metastasis to the regional lymph 
nodes is one of the most important indicators of 
tumour aggressiveness (reviewed by Achen et al. 
2005; Karpanen and Alitalo 2001; Pepper 2001). 
Lymph vessels arise from embryonic veins 
through a process termed lymphangiogenesis. 
More than a century ago, Florence Sabin proposed 
that the primary lymph sacs, first observed in hu- 
mans in 6- to 7-week embryos, arise by endothelial 
cell budding from pre-existing veins (Sabin 1902). 
In mice, lymph sacs are seen around embryonic 
day 10 (E10), and current evidence from mouse ex- 
periments supports Sabin’s hypothesis. A primi- 
tive plexus of capillary-like lymph vessels is first 
formed, followed by remodelling into hierarchy of 
a superficial capillary plexus and a system of col- 
lecting lymph vessels (Fig. 18.1). However, at least 
in avian models (Papoutsi et al. 2001; Wilting et al. 
2000) and Xenopus tadpoles (Ny et al. 2005), me- 
soderm-derived precursors termed lymphangio- 
blasts may contribute to lymphangiogenesis, and 
there is some evidence of a small contribution of 
circulating endothelial progenitors to lymph ves- 
sels also in mouse embryos (Sebzda et al. 2006). In 
zebrafish, which were recently discovered to pos- 


sess a functional lymphatic circulation, elegant 
lineage-tracing experiments have shown that lym- 
phatic endothelial cells first forming the thoracic 
duct have a venous origin, and no mesenchymal 
precursor cells were found to be involved (Yaniv 
et al. 2006). 

Knowledge about different molecules involved 
in lymphangiogenic processes in health and dis- 
ease has been accumulating rapidly during the 
last few years, and complexity is added to the pic- 
ture all the time. Vascular endothelial growth fac- 
tors (VEGFs) and their tyrosine kinase receptors 
(VEGFRs) have long been known to be central to 
the processes of vasculogenesis and angiogenesis. 
The discovery of VEGFR-3 as the first lymphatic 
endothelial marker (Kaipainen et al. 1995a), and 
its ligand VEGF-C as the first factor capable of 
stimulating lymphangiogenesis (Jeltsch et al. 1997; 
Joukov et al. 1996), awakened interest in lymphatic 
research after a long period of inactivity since the 
use of electron microscopy in the 1960s had al- 
lowed characterisation of the fine structure of 
lymph vessels (reviewed by Leak 1970). 

VEGFR-3 and its ligands VEGF-C and VEGF-D 
have now been firmly established as the major play- 
ers in lymphangiogenesis, although the strongly 
angiogenic VEGFR-2 and VEGF-A may also have 
lymphangiogenic roles. Members of other signal- 
ling systems known to be important for angio- 
genesis, such as Tie/angiopoietin, Eph/Ephrin 
and PDGFR/PDGF families, neuropilins and some 
integrins, have also emerged as lymphangiogenic 
regulators. Among the transcription factors known 
to be important for lymphangiogenesis, Prox] is 
the major fate-determining factor for lymphatic 
differentiation (Wigle et al. 2002; Wigle and Oli- 
ver 1999), whereas FoxC2 is involved in control- 
ling the maturation of lymph vessels (Petrova et 
al. 2004). These important molecules, along with 
some about which less is known, are discussed in 
more detail below. 
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Lymphatic Differentiation: Prox1 


Proxl is a homeobox transcription factor related to 
the Drosophila Prospero, and its expression is first ob- 
served in a subpopulation of LYVE-1-expressing ve- 
nous cells in mouse embryos at £9.5 (Wigle and Oliver 
1999), After Proxl expression starts, LYVE-1 expres- 
sion becomes restricted to, and VEGFR-3 upregulated 
in, the Proxl-positive cells, which then migrate and 
proliferate to form the primary lymph sacs (Fig. 18.1; 
Wigle et al. 2002; Wigle and Oliver 1999), Nolymph sacs 
or lymph vessels are formed in Prox]-null mouse em- 
bryos, and the subpopulation of cells budding off from 
veins fail to express lymphatic markers but continue 
to express blood vascular genes, indicating that Prox] 
is instrumental in endothelial cell commitment to the 
lymphatic phenotype (Wigle et al. 2002). Accordingly, 
in zebrafish an antisense morpholino against Proxl 
abrogated the formation of thoracic duct and lymph 
vasculature (Yaniv et al. 2006), and Prox! knockdown 
in Xenopus tadpoles caused lymphatic defects and 
lymphoedema by impairing lymphatic commitment 
(Ny et al. 2005). The observation that overexpression 
of Prox] in cultured blood vascular endothelial cells 
can shift their gene expression towards a lymphatic 
endothelial cell profile further highlights this function 
(Hong et al. 2002; Petrova et al. 2002). It is currently 
unknown what induces Proxl expression in the de- 
fined subpopulation of venous endothelial cells that 
are to acquire a lymphatic identity. Interleukin-3 (IL- 
3) and IL-7 have been suggested to induce Prox! in 
vitro, but it is not known whether they regulate Proxl 
and participate in lymphatic differentiation in vivo 
(Al-Rawi et al. 2005; Groger et al. 2004). 
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Fig. 18.1. Development of the lymphatic system. At E9-E9.5, a subpopulation of endothelial cells of the cardinal vein begin 
expressing Prox1, which drives their commitment to lymphatic fate. Proxl and VEGF-C are required for budding, migration 
and proliferation of these cells to form the primary lymph sacs at E10-E11. From the lymph sacs, lymphatic endothelial 
cells then sprout to form the primary plexus of capillary-like lymph vessels, established between E11.5-E14.5. Signalling 
molecules Syk and Slp-76 are required to keep the developing lymphatic system separate from blood vasculature. FoxC2, 
EphrinB2 and Ang? are involved in maturation of the lymph vasculature, which continues from E14.5 to the first postnatal 
week. The maturation process leads to the formation of a hierarchy of vessels starting from lymphatic capillaries and extend- 
ing via collecting lymph vessels to the thoracic duct. Mature collecting vessels have acquired a coating of tightly associated 
smooth muscle cells, and have irregularly spaced valves to prevent backflow of lymph 
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Lymphatic Sprouting and Growth: 
VEGFR-3 and VEGF-C/D 


During murine embryogenesis, VEGFR-3 is ini- 
tially widely expressed in endothelial cells, but 
later during development its expression becomes 
largely restricted to the lymphatic endothelium 
(Aprelikova et al. 1992; Galland et al. 1993; Kai- 
painen et al. 1995b; Pajusola et al. 1992). In adult 
human tissues VEGFR-3 is restricted to lymphatic 
endothelium, with the exception of certain fenes- 
trated and discontinuous blood vessel endothelia, 
found in tissues with highly active transport/ex- 
change of molecules across the vessel wall (Par- 
tanen et al. 2000). VEGFR-3 expression is high in 
lymphatic capillaries, but downregulated in col- 
lecting lymph vessels, which in turn express higher 
levels of VEGFR-2 than lymphatic capillaries 
(Saaristo et al. 2002b). It appears that VEGFR- 
3 has a role in mouse embryonic angiogenesis, 
since genetic disruption of Vegfr3 results in defec- 
tive remodelling of the primary vascular plexus, 
disturbed haematopoiesis, cardiovascular fail- 
ure and embryonic death by E9.5 (Dumont et 
al. 1998). In zebrafish, VEGFR-3 and its ligand 
VEGF-C are involved in lymphatic development: 
the formation of a thoracic duct can be blocked 
by the injection of morpholinos against Vegfe or 
of mRNA producing a soluble zebrafish VEGFR-3 
ortholog (also called zebrafish Flt4), (Kuchler et 
al. 2006; Yaniv et al. 2006). However, the zebraf- 
ish VEGF-C also appears to be required for vas- 
culogenesis and angiogenesis (Ober et al. 2004), 
morpholinos against Vegfr3/Flt4 cause variable 
defects in segmental artery formation, and ge- 
netic interaction is seen between Vegfr3/Fit4 and 
the functional zebrafish ortholog of Vegfr2 (kdra) 
in artery development (Covassin et al. 2006). In 
Xenopus tadpoles, knockdown of Vegfc caused 
lymphatic defects, but also impaired sprouting, 
branching and remodelling of blood vessels (Ny et 
al. 2005). Ligand-stimulated VEGFR-3 can heterodi- 
merise with VEGFR-2 in human primary endothe- 
lial cells, and signal transduction downstream ofthe 


heterodimers and homodimers may differ (Dixelius 
et al. 2003), but it is currently unknown whether 
this phenomenon is involved in the angiogenic 
properties of VEGFR-3 in mammals. 

Ablation of Vegfc leads to a complete absence 
of lymph vessels in mouse embryos, due to the 
failure of the first lymphatic endothelial cells to 
migrate and proliferate to form the lymph sacs, 
but the blood vasculature appears to develop nor- 
mally (Karkkainen et al. 2004). Mice heterozygous 
for Vegfc deletion display delayed development of 
lymph vasculature and severe lymphatic hypopla- 
sia in the skin, and a similar phenotype is seen in 
mice harbouring a kinase-inactivating mutation 
in one Vegfr3 allele (Karkkainen et al. 2001, 2004). 
These mice serve as a model for the rare autosomal 
dominant human lymphoedema syndrome called 
Milroy disease, which is also caused by hetero- 
zygous missense point mutations that inactivate 
the VEGFR-3 tyrosine kinase (Irrthum et al. 2000; 
Karkkainen et al. 2000, 2001). Despite the crucial 
role of VEGFR-3 signalling for lymphangiogenesis, 
VEGF-D seems to be dispensable for the develop- 
ment of the lymphatic system, and its physiologi- 
cal role remains unclear (Baldwin et al. 2005). In 
vitro stimulation of VEGFR-3 protects lymphatic 
endothelial cells from apoptosis and stimulates 
their proliferation and migration (Joukov et al. 
1998; Makinen et al. 2001b). VEGFR-3 phosphory- 
lation has been shown to lead to PI3K-dependent 
Akt activation and protein kinase C-dependent 
activation of the p42/p44 MAPK pathway (Maki- 
nen et al. 2001b). 

Both VEGF-C and VEGF-D, and also an engi- 
neered VEGFR-3-specificligandcalled VEGF-C156S, 
induce robust sprouting lymphangiogenesis when 
expressed ectopically as transgenes or via viral vec- 
tors, and in various tumour models (Fig. 18.2) (Byz- 
ova et al. 2002; Enholm et al. 2001; Jeltsch et al. 1997; 
Karpanen et al. 2001; Mandriota et al. 2001; Saa- 
risto et al. 2002a,b; Stacker et al. 2001; Veikkola 
et al. 2001). Importantly, these molecules have 
also successfully been used therapeutically to 
grow new lymph vessels in mouse models of pri- 
mary and secondary lymphoedema (Karkkainen 
et al. 2001, 2004; Saaristo et al. 2002b, 2004). Pro- 
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Control VEGF-C 


LYVE-1 Tumour cells 


Fig. 18.2A-E. Examples of sprouting lym- 
phangiogenesis induced by VEGF-C. A, B 
Adeno-VEGF-C-transduced (B) or control 
(A) ear skin from mice was stained for the 
lymph vessel marker LYVE-1 (green) or the 
pan-endothelial marker CD31 (red). Lymph 
vessels (green) normally display a smooth, 
organised endothelial cell architecture (A), 
but VEGF-C stimulation induces the exten- 
sion of numerous filopodia or sprouts (B, 
white arrows), while blood vessels (red) are 
affected very little. C, D Transgenic mice ex- 
pressing VEGF-C in the skin show extensive 
lymphatic hyperplasia (D) compared to the 
normal lymph vessels of the wild-type lit- 
termate control (C). E Lymph vessels (green) 
sprouting towards VEGF-C-expressing tu- 
mour cells (red). Panel b, picture by Tuomas 
Tammela; panel E from He et al. (2005) 
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teolytic processing of propeptides of VEGF-C 
and VEGF-D increases their affinity for VEGFR- 
3, and the mature forms also bind VEGFR-2, 
with the exception of mouse VEGF-D, which is 
specific for VEGFR-3 (Achen et al. 1998; Joukov 
et al. 1997). The fully processed, mature forms of 
VEGF-C and VEGF-D are also capable of inducing 
angiogenesis in some settings (Byzova et al. 2002; 
Saaristo et al. 2002a; Stacker et al. 2001). Con- 
versely, expression of VEGFR-3 extracellular do- 
main fused to the Fc domain of human IgG, a func- 
tional VEGF-C/D trap, leads to regression of newly 
forming lymph vessels, excluding large collecting 
vessels, via endothelial cell apoptosis during em- 
bryogenesis and the first few postnatal weeks (Kar- 
panen et al. 2006b; Makinen et al. 2001a). VEGF- 
C/D trap does not have any effect on adults, and 
inhibition of VEGFR-3 signalling by a blocking 
antibody only blocks the formation of new lymph 
vessels without effects on pre-existing ones, indi- 
cating that mature lymph vessels are independent 
of VEGFR-3 signalling for survival (Karpanen et 
al. 2006b; Pytowski et al. 2005). Curiously, some 
lymph vessels in young mice with saturating con- 
centrations of VEGF-C/D trap in the blood could 
re-grow, indicating that in some circumstances, 
other mechanisms can substitute for the VEGF-C/ 
D pathway in lymphangiogenesis (Karpanen et al. 
2006b; Makinen et al. 2001a). 

Overexpressed VEGF-A has been shown to in- 
duce lymphatic hyperplasia when delivered via 
an adenovirus into the skin, and also in models 
of wound healing and skin tumours (Hirakawa et 
al. 2005; Hong et al. 2004a; Nagy et al. 2002), but at 
least some of this effect is probably due to the re- 
cruitment of inflammatory cells producing VEGF- 
C and VEGF-D (Baluk et al. 2005; Cursiefen et al. 
2004; Schoppmann et al. 2002). Other growth fac- 
tors that can induce lymphangiogenesis include 
basic fibroblast growth factor (FGF-2) and hepato- 
cyte growth factor (HGF), shown to function indi- 
rectly via the VEGF-C/D/VEGFR-3 pathway (Cao 
et al. 2006; Chang et al. 2004; Kubo et al. 2002), 
although there is some evidence that HGF might 
also act on lymphatic endothelial cells directly 
(Kajiya et al. 2005; Tammela and Alitalo 2006). 


18.2.1 
VEGF-C, VEGF-D and VEGFR-3 in Cancer 


VEGF-C/D expression in both experimental and 
human tumours correlates with vascular invasion, 
lymphatic vessel and lymph node involvement, dis- 
tant metastasis, and, in some instances, poor clini- 
cal outcomes (reviewed in Achen et al. 2005; Stacker 
et al. 2002). The first evidence of lymphangiogen- 
esis in cancer and its association with metastasis 
emerged over 7 years ago (see Alitalo 2000). Studies 
of various xenotransplantation or transgenic tu- 
mour models have shown that VEGF-C and VEGF-D 
overexpression can enhance lymphatic metastasis, 
while VEGE-C/D trap inhibited lymphatic metasta- 
sis (He et al. 2002; Hirakawa et al. 2007; Karpanen 
et al. 2001; Mandriota et al. 2001; Skobe et al. 2001b; 
Stacker et al. 2001). VEGF-C/D trap was found to 
block lymphatic, but not lung metastases in some 
models, whereas in others both routes of metasta- 
sis were inhibited by VEGF-C/D trap or blocking 
anti-VEGFR-3 antibodies (He et al. 2002; Krishnan 
et al. 2003; Roberts et al. 2006). Interestingly, 
blocking antibodies against VEGFR-3 can signifi- 
cantly inhibit the growth of several human tumour 
xenografts in mice (Kubo et al. 2000; Laakkonen 
et al. 2007). Microhaemorrhages and disruption of 
the endothelial integrity of postcapillary venules 
were found in tumours treated with the monoclo- 
nal antibody AFL4 against mouse VEGFR-3, but 
it is not clear how this antibody works (Kubo et 
al. 2000). Another monoclonal anti-VEGFR-3 anti- 
body, mF4-31C1, blocked tumour lymphangiogen- 
esis and also reduced tumour blood capillary den- 
sity, Increasing hypoxia and necrosis (Laakkonen 
et al. 2007). The analysis of the mechanisms behind 
these effects is in progress. In a recent study, tu- 
mours that expressed VEGF-C were more likely to 
metastasise to distant organs as well as to sentinel 
lymph nodes, and in tumour-bearing mice VEGF-C 
induced the expansion oflymphatic networks within 
the lymph node even before the onset of metastasis, 
possibly thus facilitating the spread of tumour cells 
further (Hirakawa et al. 2007). Lymph vessel prolif- 
eration seen in tumour models overexpressing the 


lymphangiogenic factors may not occur toa signifi- 
cant extent in several human cancers, and is prob- 
ably not even necessary for enhanced metastasis in 
most solid tumours. While intratumoral lymphatic 
vessels have been detected in some solid tumours, 
such as melanomas and head and neck carcinomas 
(Dadras et al. 2003; Maula et al. 2003), at least in 
experimental tumours their collapse due to high 
intratumoral pressure may render them dysfunc- 
tional (Padera et al. 2004). Instead, the pressure 
gradient and lymph vessels situated at the tumour 
margin may be more important in spreading tu- 
mour cells through the process of vessel sprouting 
stimulated by tumour-secreted VEGF-C or VEGF- 
D (He et al. 2005; Padera et al. 2002). In this process 
the endothelial cells send long filopodia towards 
the growth factor-producing tumour cells and then 
form tumour-directed vessel sprouts, where the ves- 
sel lumen opens up and may allow facilitated access 
of tumour cells to the lumen (Figs. 18.3, 18.2E) (He 
et al. 2005). Furthermore, the collecting lymph ves- 
sels draining fluid from the tumour area dilate via 
the process of endothelial proliferation in response 
to tumour-produced VEGF-C, conceivably allow- 
ing easier transit for clumps of metastatic tumour 
cells with the lymph (He et al. 2005). The VEGF- 
C/D trap inhibited sprouting and vessel dilation, 
and seemed to restore the integrity of the vessel 
wall (He et al. 2005). As well as ligand trap mol- 
ecules and antibodies against VEGFR-3, blocking 
monoclonal antibodies that target VEGF-C, VEGF- 
D or VEGFR-2 and small molecules that inhibit the 
tyrosine kinase catalytic domain of these recep- 
tors could be used for the inhibition of tumour 
metastasis. 


Separation of Vascular Domains: 
Syk and Slp-76 


Tyrosine kinase Syk and adaptor protein Slp-76 are 
haematopoietic intracellular signalling proteins that 
are necessary for the development of a functional 
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lymphatic system (Abtahian et al. 2003). Loss of 
either protein in mice leads to haemorrhage and 
perinatal death, and closer examination of Syk or 
Slp-76 deficient embryos has shown that abnormal 
connections exist between blood and lymph circula- 
tions, leading to blood-filled lymph vessels (Abta- 
hian et al. 2003). Interestingly, neither Syk nor Slp-76 
are expressed in mature endothelial cells, and over- 
expression of Slp-76 in a subset of haematopoietic 
cells under the GATA1 promoter is sufficient to res- 
cue the lymphatic defects in S]p76-null mice (Sebzda 
et al. 2006). Studies with chimeric embryos indicate 
that Syk and Slp-76 act cell-autonomously, and are 
required in haematopoietic cells that may contrib- 
ute directly to vascular development as endothelial 
precursors (Sebzda et al. 2006). The mechanisms by 
which Syk and Slp-76 exert their effects on separa- 
tion of the blood- and lymph vasculature remain 
unknown, although Sebzda and co-workers (2006) 
speculate that they could be required for the efficient 
migration of endothelial progenitor cells, allowing 
entry and exit through vessel walls. 


Adhesion and Migration: 
Podoplanin, Neuropilin-2 and Integrin 
a9 


Podoplanin is a membrane glycoprotein that is 
highly expressed in lymphatic endothelial cells, 
although its expression is seen also in some non- 
endothelial cell types such as podocytes and lung 
alveolar cells (Breiteneder-Geleff et al. 1997, 1999), 
Podoplanin’" mice die shortly after birth due to 
respiratory failure, displaying swollen limbs and 
dysfunctional lymph drainage (Schacht et al. 2003). 
Loss of podoplanin also leads to dilated and disor- 
ganised lymphatic capillary networks, and a simi- 
lar but much milder phenotype was seen in adult 
podoplanin*’- mice (Schacht et al. 2003). In vitro 
experiments have suggested that podoplanin in en- 
dothelial cells might stimulate their migration and 
adhesion (Schacht et al. 2003). 
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Fig. 18.3, Model of VEGF-C/D involvement in initial steps of lymphatic metastasis. Tumour cells and tumour-associated 
macrophages secrete VEGF-C and VEGF-D, which stimulate VEGFR-3 on endothelial cells of the lymph vessels within or 
close to the tumour. VEGFR-3 signalling causes sprouting of the lymphatic endothelium, along with lymphatic endothelial 
proliferation and widening of the lymph vessels. Endothelial sprouting towards the source of VEGF-C opens up the ves- 
sels, which together with vessel dilation allows easy access and transport for metastasising tumour cells (see also Fig. 2E). 
Lymphatic endothelial cells may also actively attract tumour cells, possibly by mechanisms normally used for interactions 
with inflammatory cells. Treatment of experimental tumours with VEGF-C/D trap or blocking antibodies to VEGFR-3 has 
been shown to inhibit metastasis, and antibodies to VEGF-C and VEGF-D could also be used this way. Blacking antibodies 
to VEGFR-3 also reduce tumour angiogenesis in several xenotransplant models. For references, see text 


The semaphorin receptor neuropilin-2 (Nrp2) is 
involved in axon guidance, but also interacts with 
VEGER-3 as a co-receptor for VEGF-C and VEGF-D 
(Karkkainen et al. 2001; Karpanen et al. 2006a). In 
Nrp2-null mice, transient loss of lymphatic capil- 
laries and small lymph vessels during development 
was observed, followed by postnatal regeneration; 
adult animals had slightly abnormally patterned 
but seemingly functional lymphatic vasculature 
(Yuan et al. 2002). Collecting lymph vessels did not 
appear to be affected by loss of Nrp2 (Yuan et al. 
2002). 


Targeted deletion of integrina9, which together 
with integrin B1 subunit forms a receptor for the ex- 
tracellular matrix proteins osteopontin and tenas- 
cin C as well as vascular cell adhesion molecule-1 
(VCAM-1), leads to fatal bilatera] chylothorax at 6-12 
days of age (Huang et al. 2000). Integrin «9 is highly 
expressed in lymphatic endothelial cells (Petrova et 
al. 2002), and in vitro data suggest that VEGF-C and 
VEGF-D can bind to integrin @9B1 (Vlahakis et al. 
2005). When bound to matrix components such as 
collagen or fibronectin, integrin B1 can interact with 
VEGFR-3 and weakly activate its tyrosine phosphor- 


ylation (Wang et al. 2001). Both of the above stud- 
ies on cultured cells show evidence that integrin 
981 is involved in VEGF-C/D/VEGFR-3-mediated 
migration of endothelial cells (Vlahakis et al. 2005; 
Wang et al. 2001), and together with neuropilin-2, 
and probably other effectors, it may be involved in 
differentially regulating the VEGFR-3 pathway in 
the functionally diverse lymphatic vessels of differ- 
ent sizes in different tissues. 


Remodelling and Maturation of Lymph 
Vessels 


Recently, a lot of progress has been made in iden- 
tifying the mechanisms and molecules involved in 
the maturation of the primary lymphatic capillary 
plexus into a hierarchical network of capillaries and 
collecting vessels of different sizes. Especially the 
importance of controlled recruitment of smooth 
muscle cells/pericytes onto collecting vessels has 
been highlighted, establishing another parallel be- 
tween angiogenesis and lymphangiogenesis. The 
molecules that have been found to be most impor- 
tant for remodelling and maturation so far are dis- 
cussed below (see also Fig. 18.1). 


18.5.1 
Tie Receptors and Angiopoietins 


The three members of the angiopoietin (Ang) fam- 
ily, namely Angl, Ang2 and Ang3/4, are ligands for 
the Tie2 receptor, and it has recently been shown 
that Angl can also activate Tiel (Davis et al. 1997; 
Kim et al. 1999; Lee et al. 2004; Maisonpierre et al. 
1997; Saharinen et al. 2005; Valenzuela et al. 1999). 
Tiel and Tie2 are expressed in both blood vascular 
and lymphatic endothelial cells, and targeted dele- 
tions of both lead to embryonic death due to se- 
vere blood vascular remodelling defects and defects 
in vascular pericyte/smooth muscle cell coverage 
(Dumont etal. 1994; Iljin et al. 2002; Patan 1998; Puri 
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et al. 1995; Sato et al. 1995). Interestingly, Ang2-null 
mice display chylous ascites, subcutaneous oedema 
and disorganised lymphatic vasculature with loss 
of tight smooth muscle cell association in collecting 
vessels after birth, and this phenotype can be res- 
cued by insertion of Ang! into the Ang2 locus (Gale 
et al. 2002). In blood vessels, Ang2 is thought to act 
as an antagonist of Tie2, destabilising the endothe- 
lium at sites of vascular remodelling (Maisonpierre 
et al. 1997). Accordingly, blood vascular remodel- 
ling defects seen in Ang2-deficient mice cannot be 
rescued by Angl (Gale et al. 2002). Furthermore, 
overexpression of Angl can induce enlargement of 
lymph vessels, and proliferation and sprouting of 
lymphatic endothelium in a VEGFR-3-dependent 
manner, suggesting that crosstalk between the VEGF 
and angiopoietin systems, also thought to occur in 
angiogenesis, plays a role in lymphangiogenesis as 
well (Morisada et al. 2005; Tammela et al. 2005b). 


18.5.2 
FoxC2, PDGF-B and EphrinB2 


Heterozygous loss of function mutations of fork- 
head transcription factor FoxC2 have been identi- 
fied as the cause of the lymphoedema-distichiasis 
(LD) syndrome, characterised by late-onset lymph- 
oedema due to lymph backflow, a double row of eye- 
lashes, and increased risk for early-onset varicose 
veins (Brice et al. 2002; Fang et al. 2000). FoxC2 is 
highly expressed in developing lymph vessels, and 
high levels of expression persist in adult lymphatic 
valves (Dagenais et al. 2004; Petrova et al. 2004). In 
both FoxC2-⁄^ mice and affected tissue in LD pa- 
tients, lymphatic capillaries are abnormally covered 
by smooth muscle cells, patterning of lymph vessels 
is abnormal, and the collecting lymph vessels lack 
valves (Petrova et al. 2004). FoxC2~" lymphatic cap- 
illaries in mouse embryos upregulated PDGF-B and 
endoglin, both involved in pericyte/smooth muscle 
cell recruitment, and also the basement membrane 
protein collagen IV was upregulated (Petrova et 
al. 2004). Since loss of FoxC2 results in collecting 
vessel- or blood vessel-like characteristics in lym- 
phatic capillaries, it appears to have an important 
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role in the establishment of capillary phenotype 
in lymphatic development (Petrova et al. 2004). 
FoxC2 is also essential for the development of lym- 
phatic valves, and it is likely to play a role in their 
maintenance, perhaps partly by keeping them free 
of smooth muscle cells by repression of PDGF-B 
(Petrova et al. 2004). Interaction between FoxC2 
and PDGF-B might also have broader significance, 
since in xenotransplanted tumours PDGF-B was 
reported to be lymphangiogenic and cause an in- 
crease of lymphatic metastasis (Cao et al. 2004), but 
further research is needed to establish the possible 
role of PDGF-B in normal lymph vessels. FoxC2 also 
seems to co-operate with the VEGFR-3 pathway in 
lymphatic development, as embryos heterozygous 
for both Foxc2 and Vegfr3 had a phenotype closely 
resembling that caused by complete loss of FoxC2 
(Petrova et al. 2004). Targets of FoxC2 in lymphatic 
endothelial cells are currently unknown, but it was 
shown recently that FoxC2 can bind and activate the 
promoter of Delta-like 4 ligand (DIl4), suggesting 
that FoxC2 might interact with the Notch signalling 
pathway (Seo et al. 2006), 

EphrinB2 is a transmembrane ligand that, to- 
gether with its receptor EphB4, is essential for re- 
modelling of the primary blood capillary plexus 
into functional vessels of venous and arterial iden- 
tity (Adams et al. 1999; Wang et al. 1998). EphrinB2 
is also expressed in the primary lymphatic capillary 
plexus during development, and collecting lymph 
vessels in adults, while EphB4 is expressed in all 
lymph vessels, at least in the skin (Makinen et al. 
2005). Surprisingly, mutant mice that lack the PDZ 
domain binding motif of EphrinB2 survived the re- 
quirement for EphrinB2 in blood vascular remodel- 
ling, but had lymphatic defects such as chylothorax, 
retrograde lymph flow, collecting vessel hyperpla- 
sia and valve agenesis, and abnormal smooth mus- 
cle cell coverage of lymphatic capillaries (Makinen 
et al. 2005). The similar phenotypes resulting from 
loss of FoxC2 and the EphrinB2 PDZ mutation es- 
tablish these molecules as important players in re- 
modelling and maturation of lymph vasculature, 
and central for the acquisition of a distinct molecu- 
lar identity for collecting lymph vessels versus lym- 
phatic capillaries. 


Lymph Vessels and Inflammation 


Lymph vessels are needed for the transport of in- 
flammatory cells from peripheral tissues into the 
secondary lymphoid organs. The chemokine CCL21/ 
SLC expressed by lymphatic endothelial cells is a 
ligand for the chemokine receptor CCR7 expressed 
on dermal dendritic cells (DCs), and CCR7 is re- 
quired for entry of DCs into the dermal lymph ves- 
sels in order to be transported to lymph nodes (Ohl 
et al. 2004). Other molecules known to be involved 
in interactions of inflammatory cells with lymphatic 
endothelium include mannose receptor, which is 
expressed in lymph node sinuses and bound by 
L-selectin on lymphocytes (Irjala et al. 2001), and 
common lymphatic endothelial and vascular endo- 
thelial receptor-1 (CLEVER-1), which can mediate 
leukocyte transmigration in culture through both 
blood vascular and lymphatic endothelia (Salmi 
et al. 2004). It has long been known that lymph 
vessels proliferate during inflammation (Pullinger 
and Florey 1937), and inflammatory lymphangio- 
genesis has now been documented in several set- 
tings. Massive lymphangiogenesis is associated with 
inflammatory infiltrates in rejected human kidney 
transplants (Kerjaschki et al. 2004), and lymphatic 
hyperplasia is also seen in psoriatic lesions (Kunst- 
feld et al. 2004). Tumour-associated macrophages 
can express VEGF-C and VEGF-D (Schoppmann 
et al. 2002; Skobe et al. 2001a), and VEGF was shown 
to recruit VEGF-C/D-expressing macrophages in 
rabbit cornea model of inflammatory lymph-/an- 
giogenesis, where blockage of VEGF or depletion 
of macrophages also lead to inhibition of lymphan- 
giogenesis (Cursiefen et al. 2004). DCs expressing 
both VEGF-C and VEGFR-3 were found in inflamed 
mouse corneas (Hamrah et al. 2003), while in mouse 
corneal transplants, trafficking of DCs to lymph 
nodes, induction of delayed-type hypersensitivity 
and graft rejection were blocked by ocular adminis- 
tration of VEGF-C/D trap (Chen et al. 2004). VEGF- 
C/D trap also blocked the robust inflammatory cell- 
driven lymphangiogenesis caused by Mycoplasma 
pulmonis infection of mouse airway epithelium, 


exacerbating mucosal oedema and lessening the 
reactive lymphadenitis (Baluk et al. 2005). Interest- 
ingly, in mice immunised with complete Freund’s 
adjuvant, lymph node sinus expansion was shown 
to enhance DC migration into the lymph nodes, an 
effect that was found to be dependent on lymph node 
B-cells, and could be partially blocked by antibod- 
ies to VEGFR-2 or VEGFR-3 (Angeli et al. 2006). 
Together with the finding that sentinel lymph node 
sinusoidal endothelium can expand even before the 
arrival of first metastases (Hirakawa et al. 2007), 
this suggests a more extensive role for the sinus 
network in lymph nodes than previously thought. 
The results presented above illustrate a two-way 
communication, where inflammatory cells can both 
induce lymphangiogenesis and respond to lymphan- 
giogenic signals in general, and signals specifically 
from lymphatic endothelial cells. 


Concluding Remarks 


Beginning with the discovery of VEGFR-3 and 
VEGF-C, a decade of intensive research has seen 
major advances in understanding the mechanisms 
of lymphangiogenesis and the molecular players 
involved. The molecules described above have all 
been found to be important for lymphatic develop- 
ment and growth, but downstream signalling and 
interactions between the known pathways still need 
to be characterised to get a more complete picture 
of the mechanisms of lymphangiogenesis. Among 
the unresolved questions is how it all begins: What 
is the signal that makes a defined subpopulation of 
venous endothelial cells upregulate Proxl expres- 
sion? Another mystery is encountered later in the 
development, when the absolute requirement for 
VEGF-C seems to be lost; some lymph vessels grow 
back and become functional despite saturating con- 
centrations of VEGF-C/D trap in the serum (Maki- 
nen et al. 2001a). It is not known what mechanisms 
allow this to happen, and why some vessels grow 
back and some never recover - there are obviously 
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significant differences between lymphatic endo- 
thelial cells in different vascular beds, as would of 
course be expected given the variety of functions that 
the vessels have to perform, but very little is known 
about this heterogeneity. It cannot be forgotten that 
vessels residing in different environments will dif- 
fer in the communication between endothelial cells, 
supporting cells and the extracellular matrix. The 
first pieces of information about these interactions 
have started to trickle in with the smooth muscle 
cell/pericyte and basal lamina abnormalities seen 
in FoxC2-null and EphrinB2-mutant mice (Makinen 
et al. 2005; Petrova et al. 2004), which also shed 
some light on how collecting lymph vessels might 
acquire their phenotypic characteristics distinct 
from lymphatic capillaries. Ang2 also seems to be 
involved in the maturation process (Gale et al. 2002), 
but it is totally unknown how it exerts its effects, 
and what the exact roles of Tie receptors and Angl 
might be. Despite the obvious importance of lymph 
vessels in immune reactions, research into inflam- 
matory lymphangiogenesis and the active role of 
lymphatic endothelium in transport of inflamma- 
tory cells both in the periphery and in lymphoid 
organs has only recently begun to emerge, and a 
lot remains to be discovered about the mechanisms 
and functional significance of these processes. The 
active participation of lymphatic endothelium in the 
entry and transport of metastasising tumour cells, 
and the emerging role of lymphatic sinuses of the 
lymph nodes in the metastatic process, are impor- 
tant issues to clarify in order to achieve successful 
therapeutic intervention in the future. 
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Abstract 


Metastasis of tumor cells via the lymphatic 
vasculature is of major clinical relevance, and 
lymph node metastases are highly prognosti- 
cally significant. Factors such as the structure 
of the lymphatic capillaries, tumor-induced 
lymphangiogenesis and the gene expression 
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The Relationship Between Tumors and 
the Lymphatics: Consequences for Metastasis 


profiles expressed by the tumor cells all con- 
tribute to this process. Despite rapid prog- 
ress in recent years, there is still much to 
be learned about the relationship between 
tumors and the lymphatics, particularly 
with regard to its significance in regulating 
metastatic spread to organs other than lymph 
nodes. 


Introduction 


It is widely recognized that metastasis is the major 
cause of death for cancer patients. Aside from me- 
tastasis by direct extension, which plays a significant 
role in only a few types of cancers, solid tumors 
disseminate by entering and being transported in 
vessels of the circulatory system (Fig. 19.1). Inva- 
sive tumor cells can either enter directly into the 
blood vasculature and thereby be transported to 
other organs, or they can enter the lymphatics and 
be transported to regional lymph nodes (reviewed 
in Sleeman 2000). Within the lymph nodes, these 
tumor cells either die, remain dormant, prolifer- 
ate or pass through the node. Proliferation results 
in the formation of lymph node metastases, either 
within the subcapsular lumen of the lymph node 
or within the parenchyma of the lymph node af- 
ter tumor cells invade into it. These metastases can 
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Fig. 19.1. Major routes of dissemination for metastasizing tumors. Invasive tumor cells may enter the blood vasculature and 
thereby be transported to distant organs, where they extravasate and go on to form angiogenic tumors. Alternatively they 
can enter the lymphatic system. Within the lymphatic system they may form metastases in regional lymph nodes that then 
shed further tumor cells into the efferent lymphatics. Tumor cells within the lymphatics ultimately empty into the blood 


stream via anastomoses, generally the thoracic duct 


then seed further metastatic tumor cells into the 
efferent lymphatics that in turn form metastases in 
lymph nodes higher up the lymphatic drainage, or 
ultimately enter the blood stream via anastomoses, 
in the main via the thoracic duct. Thus there are two 
routes by which tumors cells can ultimately reach 
vital organs such as the lungs and liver (Fig. 19.1): 
directly via the blood circulatory system or indi- 
rectly via the lymphatics before entering the blood 
circulatory system via anastomoses. 

A number of observations suggest that the indi- 
rect route to vital organs via the lymph nodes plays 
a central role in the metastatic process. For carcino- 
mas, regional lymph nodes are frequently colonized 
by metastatic cells and are often the first sites of 
metastatic spread (Leong et al. 2006). Frequent and 
early lymph node involvement is also a typical fea- 
ture of melanomas (Leiter et al. 2004). Early lymph 
node involvement is the foundation of tumor stag- 
ing schemes and assessment of prognosis for many 
tumor types (Beahrs and Myers 1983), and further 


gives rise to the concept of the sentinel lymph node, 
which is the basis of sentinel lymphonodectomy 
(Cabanas 1977). The sentinel node is the first lymph 
node in a lymphatic basin that receives lymph flow 
from a primary tumor, and should therefore be the 
first to receive metastatic cells from the tumor. Anal- 
ysis of the sentinel node for the presence of metasta- 
ses should therefore indicate whether more distant 
metastases are likely. Follow-up analysis of sentinel 
lymphonodectomies suggests that only 20% of sys- 
temic metastases are derived from tumor cells that 
bypass the lymphatic route (Leong et al. 2006). 
Lymph node metastases are often the first indi- 
cation that tumor progression has occurred, de- 
spite the fact that tumor cells can be observed in 
the blood early after tumorigenesis. Furthermore, 
the prognostic significance of circulating tumor 
cells in the blood remains open (Pantel et al. 2003; 
Pierga et al, 2004). Moreover, in animal models it 
has been demonstrated that well-differentiated, 
non-metastasizing tumors shed more than a million 
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tumor cells per gram of tumor into the blood system 
every day without giving rise to systemic metastases 
(Butler and Gullino 1975). The analysis of metasta- 
ses in patients with inoperable cancer who had peri- 
tovenous shunts to relieve the symptoms of ascites 
also illustrates the same principle, namely that the 
presence of tumor cells in the blood does not neces- 
sarily equate with metastasis (Tarin et al. 1984). In 
this study, despite the fact that the patients received 
direct infusion of tumor cells into the bloodstream, 
not all patients developed metastases despite long 
survival times, although quiescent tumor cells were 
detectable in tissues of some patients. In those pa- 
tients in which metastases did form, they were small 
and asymptomatic. 

After consideration of these observations, the 
question therefore arises as to why the lymphatic 
route is preferentially used during tumor dissemi- 
nation, and why lymph node metastases are of such 
important prognostic significance. These questions 
are the focus of this chapter. 


The Structure and Function of Lymphatic 
Capillaries Facilitates Metastasis via the 
Lymphatics 


Several biological and physical attributes make the 
lymphatic system a relatively easy entry site into 
the circulatory system for tumor cells, and also fa- 
vor metastasis formation (reviewed in Sleeman et 
al. 2001). In comparison to blood capillaries, the 
lymphatic endothelium has loose junctions which 
readily permit the passage of large biological macro- 
molecules, pathogens and migrating cells, including 
tumor cells. Furthermore, the lymphatic capillar- 
ies have no or at best only an incomplete basement 
membrane, in contrast to the basement membrane 
of blood vessels, which tumor cells need to pen- 
etrate into order to enter and exit the circulatory 
system. These features mean that the lymphatic 
system is relatively easy for tumor cells to access 
and disseminate in. Furthermore, the high inter- 


nal pressure within tumors means that interstitial 
fluid flows away from the tumors into the draining 
lymphatics (Baxter and Jain 1989; Jain 1989), and 
therefore tumor cells which have detached from the 
primary tumor mass will be channeled into local 
lymphatic vessels by the flow of lymphatic fluid. 
Moreover, the flow of lymphatic fluid is passive, at 
least in the peripheral lymphatic vessels. Tumor cells 
in lymphatic capillaries are therefore not subject to 
the same shear forces experienced by tumor cells 
in the blood system, substantially reducing shear 
stress-mediated attrition of circulating tumor cells 
within the lymphatic capillaries in comparison to 
tumor cells within the blood vasculature. 

Within the lymph nodes the tumor cells are chan- 
neled into a confined space, the subcapsular sinuses, 
and thus the filter function of the lymph node in- 
creases local tumor cell concentration. This is in 
sharp contrast to cells in the blood system, which 
are distributed over a large capillary bed in the next 
organ they reach after entering the blood stream, for 
example the lung or liver. This aggregation of tumor 
cells in the subcapsular sinuses of lymph nodes may 
be a critical factor in understanding the propensity 
of metastasizing tumor cells to initially colonize 
the regional lymph nodes, as it is well established 
that emboli or clusters of tumor cells form metas- 
tases much more efficiently than single tumor cells 
(Nicolson 1988). Furthermore, metastasis formation 
can occur directly within the subcapsular space, 
which obviates the need for metastasizing cells to 
possess properties necessary for extravasation, as 
would be required for tumor cells within the blood 
circulatory system, further increasing the efficiency 
of metastasis formation. 

The relative ease with which tumor cells can enter 
the lymphatic system and form metastases within 
regional lymph nodes means that the selective pres- 
sure put to bear on the metastasizing tumor cells 
is less than that experienced by tumor cells within 
the blood. This could conceivably have several con- 
sequences (reviewed in Sleeman 2000). Firstly, the 
formation of metastases via the lymphatics is likely 
to be more efficient, as cells with metastatic poten- 
tial survive better and metastasize more easily. Sec- 
ondly, tumor cell subpopulations that have acquired 
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metastatic potential and that have successfully me- 
tastasized to regional lymph nodes are amplified as 
a result of the growth of the lymph node metastasis. 
Subsequent shedding from these metastases of tu- 
mor cells that go on to enter the blood stream means 
that the number of circulating metastatically com- 
petent tumor cells in the blood increases, thereby 
increasing the efficiency of systemic metastasis for- 
mation. 


Tumor-induced Lymphangiogenesis 
Promotes Lymph Node Metastasis 
Formation 


The metastatically advantageous structure and 
function of the lymphatics is not the only reason why 
the lymphatic route plays a decisive role in meta- 
static dissemination. In recent years it has become 
clear that an inductive relationship that promotes 
metastasis to regional lymph nodes exists between 
tumors and the lymphatics, namely tumor-induced 
lymphangiogenesis (Alitalo et al. 2005). Lymphan- 
giogenesis describes the process of new lymphatic 
vessel formation. The paradigm that has emerged 
is that during tumor progression tumors begin to 
produce factors that promote lymphangiogenesis 
(Fig. 19.2). This increases the density of lymphatic 
vessels in the vicinity of the tumor, either by increas- 
ing the number of vessels through the promotion 
of sprouting lymphangiogenesis, or by increasing 
lymphatic vessel diameter. Thereby the probabil- 
ity that invasive tumor cells are able to enter the 
lymphatics and subsequently to be transported to 
regional lymph nodes is increased. Thus metastasis 
to regional lymph nodes is promoted. 

Evidence supporting the concept that tumor- 
induced lymphangiogenesis promotes metastasis 
to regional lymph nodes comes from both experi- 
mental animal studies and human tumor data. 
Most work in this area has focused on VEGFR-3, 
a transmembrane receptor tyrosine kinase that is 
located in the plasma membrane of lymphatic en- 


dothelial cells (Tammela et al. 2005). It is activated 
in response to its two known ligands, VEGF-C and 
VEGF-D, and thereby orchestrates lymphangio- 
genesis. In the past couple of years it has, however, 
become apparent in other contexts that a variety 
of other receptor-ligand pairs are able to regulate 
lymphangiogenesis, including VEGF-A, hepatocyte 
growth factor and members of the fibroblast growth 
factor, angiopoietin, platelet-derived growth factor 
and insulin-like growth factor families (reviewed 
in Achen and Stacker 2006). Many of these factors 
are also expressed in the context of tumors, and it 
remains to be seen to what extent they play a role 
in regulating tumor-induced lymphangiogenesis in 
comparison to VEGFR-3 and its ligands. 

The notion that tumor-induced lymphangio- 
genesis driven by VEGFR-3 activation is able to 
promote metastasis to regional lymph nodes has 
been substantiated in a number of animal models 
in which VEGFR-3-dependent lymphangiogenesis 
has been modulated in the context of experimen- 
tal tumors. We and others have shown that ex- 
perimental overexpression of VEGF-C or VEGF-D 
stimulates lymphangiogenesis in the vicinity of 
tumors and is sufficient to promote metastasis 
to regional lymph nodes (Mandriota et al. 2001; 
Karpanen et al. 2001; Skobe et al. 2001; Stacker 
et al. 2001; Yanai et al. 2001; He et al. 2002; Mattila et 
al, 2002; Krishnan et al. 2003). Conversely, blockade 
of the activity of VEGF-C and VEGF-D in tumors us- 
ing soluble VEGFR-3 receptor proteins or VEGFR- 
3-blocking antibody inhibits tumor-induced lym- 
phangiogenesis and suppresses the metastasis of 
tumors to regional lymph nodes (He et al. 2002, 
2005; Krishnan et al. 2003; Shimizu et al. 2004; Lin 
et al. 2005). The onset of lymphangiogenesis is later 
than angiogenesis and functionally correlates with 
lymph node metastasis formation (He et al. 2005). 
These data support the notion that enhanced num- 
bers or dilation of lymphatic vessels in the vicinity 
of tumors promotes metastasis to regional lymph 
nodes by providing a greater number of entry sites 
into the lymphatic system for invading tumor cells. 

Additional evidence supporting the notion that 
VEGFR-3-regulated tumor-induced lymphangio- 
genesis is important in the regulation of lymph node 
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Fig. 19.2. Tumor-induced lymphan- 
giogenesis promotes metastasis via the 
lymphatics. The production of pro-lym- 
phangiogenic factors by tumor cells or 
tumor-associated stromal cells such as 
macrophages and fibroblasts stimulates 
expansion of the lymphatic vasculature in 
the vicinity of the tumor. Invasive tumor 
cells therefore have a much higher chance 
of penetrating and entering the lymphatic 
system. In turn, this potentiates the for- 
mation of lymph node metastases 


metastasis formation comes from the analysis of hu- 
man tumor material. A large body of literature now 
exists in which VEGF-C or VEGF-D expression or 
tumor-associated lymphatic vessel density has been 
compared with lymph node metastasis formation 
and prognosis in human tumors (reviewed in Thiele 
and Sleeman 2006). In many different types of can- 
cer, a Statistically significant correlation or at least a 
tendency has been demonstrated between VEGF-C 
or VEGF-D expression or lymphatic vessel density, 
and lymph node metastasis formation and progno- 
sis. 


Stromal cells 


Tumor cells 


Pro-lymphangiogenic 
factors 


Pro-lymphangiogenic 
factors 


The Inductive Relationship Between 
Tumors and the Lymphatics: 
More than Lymphangiogenesis? 


Not all studies find a statistically significant correla- 
tion between VEGF-C and VEGF-D expression and 
lymphatic density, regional lymph node metastasis 
formation or poor prognosis, and the situation re- 
garding tumor-induced lymphangiogenesis appears 
more complex than first thought (Thiele and Sleeman 
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2006). Reasons for this include the possible multi- 
factorial regulation of tumor-induced lymphangio- 
genesis by mechanisms other than the regulation of 
VEGFR-3, for example by the pro-lymphangiogenic 
factors listed above. Furthermore, if the primary 
tumor is located in a tissue that has a relatively high 
lymphatic vascular density, entry of invasive tumor 
cells into the lymphatics may occur efficiently in 
the absence of neo-lymphangiogenesis. Moreover, 
several studies provide evidence that tumors can 
coopt pre-existing lymphatic vessels, again probably 
affording efficient entry of invasive tumor cells into 
the lymphatics (e.g. Agarwal et al. 2005). 

Several studies report a higher peritumoral lym- 
phatic vessel density at the invasive border of tumors 
in the absence of intratumoral lymphatics. However, 
there is also now compelling evidence that lymphan- 
giogenesis can also occur within the tumor, although 
it is important to bear in mind that these studies of- 
ten rely on Lyve-1 as a single marker of lymphatic 
vessels (reviewed in Thiele and Sleeman 2006). The 
extent to which the observed intratumoral lymphat- 
ics are really lymphatic capillaries that have been 
coopted by tumors, or whether their existence is due 
to lymphangiogenesis is still unclear. The prolifera- 
tive activity of intratumoral lymphatics observed in 
head and neck cancer argues against the hypothesis 
of cooption of lymphatics by the tumor in these cases 
(Beasley et al. 2002; Kyzas et al. 2005). Furthermore, 
tumor emboli have been reported within proliferat- 
ing intratumoral lymphatics (Kyzas et al. 2005), al- 
though other studies suggest that intratumoral lym- 
phatics may not be functional (Padera et al. 2002). 
What regulates whether lymphangiogenesis occurs 
peritumorally, intratumorally or both is not clear. 
We also have no clear idea of the relative importance 
of the peritumoral lymphatics compared to intratu- 
moral lymphatics in terms of entry of tumor cells 
into the lymphatics, their dissemination therein, 
and subsequent lymph node metastasis formation. 
The literature contains contradictory findings (e.g. 
Maula et al. 2003; Franchi et al. 2004). 

It has recently emerged that intratumoral lym- 
phatic vessels may be formed at least in part by 
vascular mimicry or transdifferentiation. Several 
studies have shown that circulating CD11b-positive, 


LY VEl-positive macrophages are able to integrate 
into lymphatic vessels and to form lumen-contain- 
ing capillaries (Maruyama et al. 2005; Kerjaschki 
et al. 2006). This has also been reported for tumor- 
associated lymphatics (Schledzewski et al. 2006). 
The relative contribution of these macrophage-de- 
rived cells to the lymphatic vasculature in the con- 
text of tumors, the regulation of their recruitment 
into the lymphatic capillaries and their importance 
for metastasis via the lymphatics remains to be dem- 
onstrated. Initial observations with animal models 
suggest that lymphangiogenesis from pre-existing 
lymphatic vessels accounts for most of the tumor- 
associated lymphatics (He et al. 2005), while studies 
with human melanomas suggest that a significant 
proportion of intratumoral lymphatics in melano- 
mas may be derived from macrophage precursors 
(Schledzewski et al. 2006). 

A recent study suggests that tumors may induce 
lymphangiogenesis not only in their immediate vi- 
cinity, but also distally. Hirakawa et al. (2007) have 
reported that VEGF-C-expressing tumors also in- 
duce lymphangiogenesis in sentinel lymph nodes 
in addition to the local tumor environment. Senti- 
nel lymph node lymphangiogenesis occurs before 
metastatic cells enter the lymph nodes and is fur- 
ther augmented once metastases form. The authors 
also suggest that sentinel lymph node lymphangio- 
genesis may be connected with metastasis to other 
organs, although this remains to be functionally 
demonstrated. 


Tumor-intrinsic Changes in 
Gene Expression That Promote Metastasis 
to Regional Lymph Nodes 


The observation that tumor cells often acquire 
the ability to express lymphangiogenesis-inducing 
factors during tumor progression touches on the 
broader point of tumor-intrinsic changes in gene 
expression that promote metastasis via the lymphat- 
ics. A long-standing notion is that metastatic tumor 
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cells represent subpopulations of tumor cells that 
have acquired gene expression patterns prerequisite 
for successful dissemination through the effects of 
genomic instability and subsequent selection (Fidler 
and Kripke 1977; Fidler 2002). However, recent ad- 
vances in gene expression profiling techniques have 
led to an alternative concept, namely that the origi- 
nal oncogenic insults that lead to transformation 
lay down the basic gene expression profile frame- 
work that determines the metastatic propensity of 
the tumor (reviewed in Weigelt et al. 2005). In ad- 
dition, regional changes in gene expression within 
tumors, for example at the invasive front, may be 
decisive (e.g. Gavert et al. 2005). Whatever mecha- 
nism lies behind tumor-intrinsic metastasis-associ- 
ated gene expression patterns, clearly gene expres- 
sion patterns within tumor cells must contribute to 
the process of metastasis via the lymphatic system. 
These gene expression patterns may act generally 
to promote tumor cell motility and invasiveness, 
endowing the tumor cells with the potential to es- 
cape from the primary tumor and enter both the 
bloodstream and the lymphatics. However, there are 
indications that specific changes in gene expression 
may promote homing of disseminating tumor cells 
to the lymphatics. For example, certain chemokines 
and their receptors have been associated with metas- 
tasis formation in lymph nodes (Muller et al. 2001; 
Kaifi et al. 2005). 

Clearly there is still a lot to be understood about 
the tumor-intrinsic genetic determinants that con- 
tribute to lymphatic metastasis. An additional com- 
plicating factor is the realization that cancer stem 
cells (otherwise called tumor-initiating cells) ex- 
ist not only in leukemias but also in solid tumors. 
Within a population of tumor cells it is thought that 
the majority of the cancer cells have a limited ability 
to divide, but that a small subpopulation of cancer 
stem cells has the exclusive ability to extensively 
proliferate and form new tumors (Al Hajj and Clarke 
2004). These cells drive the growth of tumors and 
metastases. The role of cancer stem cells in the pro- 
cess of metastasis is currently the subject of specula- 
tion (Brabletz et al. 2005), and so far no studies have 
addressed their relationship to metastasis via the 
lymphatics. 


The Broader Significance of 
Lymph Node Metastases in the Course of 
Tumor Progression: Indicators or Players? 


The predilection of carcinomas to metastasize via 
the lymphatics, together with the observations that 
tumor-induced lymphangiogenesis is able to pro- 
mote metastasis to regional lymph nodes, has given 
credence to the idea that it might be possible to 
block or retard the process of metastasis by con- 
trolling the entry of tumor cells into the lymphat- 
ics. To this end there is currently great interest 
in identifying ways of inhibiting tumor-induced 
lymphangiogenesis (McColl et al. 2005). However, 
for such approaches to be effective, lymph node 
metastases need to play a significant role in the 
systemic dissemination of tumors, as they are 
themselves not usually life-threatening and can in 
the main be successfully treated surgically. Thus a 
major outstanding issue that needs to be resolved is 
the extent to which regional lymph node metasta- 
ses are only indicators that metastatic progression 
has occurred in the primary tumor and do not 
contribute themselves to systemic dissemination 
to any great extent, compared to the possibility 
that lymph node metastases are important players 
in systemic dissemination by seeding metastatic 
tumor cells into the blood that go on to colonize 
vital organs. 

Clinical studies suggest that for a variety of tu- 
mor types there is no survival difference between 
cancer patients whose regional lymph nodes are re- 
moved and those who receive only partial or no dis- 
section of these nodes (Gervasoniet al. 2000; Thiele 
and Sleeman 2006). These data seem to speak for an 
indicator function for lymph node metastases, and 
at first sight do not support the notion that lymph 
node metastases play a major role in systemic dis- 
semination. There are a number of important ca- 
veats, however, not least that surgical intervention 
may have disrupted the normal lymphatic connec- 
tions in the tissues concerned, and thus metastasis 
via the lymphatics might not necessarily be able to 
proceed in the normal way. 
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While there are difficulties in directly ad- 
dressing the role of lymph node metastases in 
the further dissemination of human cancers, ex- 
perimental tumors in animal models are perhaps 
more informative. In some studies it was observed 
that upon stimulating tumor-induced lymphan- 
giogenesis, not only was metastasis to regional 
lymph nodes promoted, but also metastasis to 
the lungs (Skobe et al. 2001; Krishnan et al. 2003; 
Hirakawa et al. 2007). Importantly, suppression 
of tumor-induced lymphangiogenesis inhibited 
the formation of metastases not only in regional 
lymph nodes, but also in the lung (Krishnan et al. 
2003). These observations provide evidence that 
tumor-induced lymphangiogenesis can promote 
metastasis formation not only in the regional 
lymph nodes, but also in other organs. However, 
this has not been observed in all studies. Padera 
et al. (2002) reported that VEGF-C overexpres- 
sion in B16 melanomas and T241 fibrosarcomas 
stimulated metastasis formation in regional 
lymph nodes, but had no influence on metastasis 
to the lung. 


Conclusions 


Recent advances in understanding the complex 
relationship between tumor cells and the lym- 
phatics and the molecular understanding of how 
lymphangiogenesis is controlled have opened up 
new avenues for possible therapeutic intervention 
in metastatic progression. However, there are still 
a large number of open questions regarding the 
nature, regulation and function of tumor-associ- 
ated lymphatics. Most importantly, understand- 
ing the role and significance of regional lymph 
node metastases in the systemic dissemination of 
tumors will be pivotal for determining whether 
or not manipulation of the relationship between 
tumor cells and the lymphatics can make a mean- 
ingful contribution to the control of neoplastic 
disease. 
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Abstract 


Inflammation is an essential process for 
survival and for the physiological defense 
against pathogens. After early reports by 
Virchow suggesting a functional connec- 
tion between inflammation and cancer, 
the pathological role of inflammation in 
promoting tumor growth and invasion has 
recently again entered the focus of atten- 
tion. There is now clear evidence that one 
essential contribution of the inflammatory 
infiltrate to tumor growth is the stimulation 
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of angiogenesis. Different cell types of the 
innate immune system, particularly mac- 
rophages, mast cells, and neurophils, play 
an active role in enhancing tumor angio- 
genesis — either directly, via the release of 
vesicle-stored growth factors, cytokines and 
proteolytic enzymes, or indirectly, via para- 
crine signalling cascades. This concept of 
an indirect inflammation-dependent induc- 
tion of angiogenesis places inflammation as 
a target for tumor therapy and, even better, 
for the prevention of tumor angiogenesis by 
anti-inflammatory agents. 


Introduction 


Inflammation is an age-old process that has proved 
essential for survival. As a crucial function of the 
innate immune system it protects against pathogens 
by destroying infectious agents, gathers intelligence 
for the immune system by initiating specific and 
long-term immunity, and repairs damaged tissue. 
Acute inflammation is a rapid self-limiting process 
that is closely interlaced with the process of repair 
and reconstruction. However, it does not always 
resolve in due time, but may be maintained for a 
prolonged time and/or become chronic. There is 
increasing evidence that chronic, often subclinical 
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inflammation lies at the basis of many of the dis- 
eases of advanced age, such as arthritis, heart at- 
tack, Alzheimer‘s disease or cancer. The association 
between inflammation and cancer was discovered 
as early as 1863 by Virchow, who first described the 
presence of a leukocytic infiltrate in tumor tissues 
and concluded that there ought to be a functional 
connection between inflammation and cancer (Vir- 
chow 1863). Indeed, population-based studies show 
that the susceptibility to cancer increases when tis- 
sues are chronically inflamed and that long-term use 
of non-steroidal anti-inflammatory drugs reduces 
the risk of several cancers (Gupta and Dubois 2001; 
Sugar 2006). Thus, in the past decade the concept of 
Virchow has re-emerged, and inflammation is now 
considered a key factor in many cancers (Balkwill 
et al. 2005; Mueller 2006). The tumor cell, having 
lost its normal growth control program, alters the 
microenvironment and recapitulates a range of ef- 
fects typical of an injury, such as the inflammatory 
response and the formation of new blood vessels 
- the angiogenesis process. While most of the stud- 
ies on angiogenesis in tumor growth and develop- 
ment have concentrated on the endothelial cells and 
their activation by tumor cell-derived factors, recent 
data suggest that inflammatory cells infiltrating the 
tumor can contribute to angiogenesis by activating 
and recruiting endothelial cells. Indeed, even physi- 
ological inflammation involves, after an initial leu- 
kocyte intervention, the activation of stromal and 
endothelial cell as well as angiogenesis. Ultimately 
this results in newly formed blood vessels providing 
nutrients to the repairing tissue and allowing the 
trafficking of immune cells (Albini et al. 2005). This 
review will concentrate on the indirect effect of the 
inflammatory infiltrate on tumor angiogenesis and 
highlight the experimental evidence for a functional 
connection between the two processes and the role 
played in this connection by different cell types of 
the innate immune system (Fig. 20.1). 


Angiogenesis and the Inflammatory 
Infiltrate 


Under physiological conditions, angiogenesis is de- 
pendent onthe balance between positive and negative 
angiogenic modulators within the vascular micro- 
environment and requires the activities of a num- 
ber of factors, including angiogenic growth factors, 
extracellular matrix (ECM) proteins, adhesion re- 
ceptors and proteolytic enzymes (Hanahan and 
Folkman 1996). Accordingly, an angiogenic endo- 
thelial cell is characterized by the expression of a 
specific set of proteolytic enzymes and adhesion 
molecules (Korff and Augustin 1999). There is a 
tight interplay between the activated endothelial 
cells and the innate immune system. In response to 
the expression of specific growth factors, activated 
endothelial cells mediate leukocyte recruitment 
into tissues by the expression of the appropriate 
adhesion molecules. In this context tumor necrosis 
factor alpha (TNF alpha) seems to play a central role. 
TNF alpha and also interleukin-1 (IL-1) augment the 
expression of adhesion molecules such as E-selectin 
and vascular adhesion molecule-1 (VCAM-1) on en- 
dothelial cells, thereby promoting leukocyte adhe- 
sion and homing to sites of inflammation (Balkwill 
2002). Accordingly, continuous endothelial cell ac- 
tivation by transfection with an uncleavable mutant 
transmembrane form of TNF alpha leads to increased 
expression of inflammatory cell adhesion molecules 
such as intercellular adhesion molecule-1 (ICAM- 
1) and VCAM-1 (Rajashekhar et al. 2006). Even 
the well-known angiogenic factor basic fibroblast 
growth factor (bFGF) activates endothelial cells by 
increasing their sensitivity to inflammatory stimuli 
such as TNF alpha, again linking angiogenesis and 
inflammation through the upregulation of leuko- 
cyte adhesion molecules (Zittermann and Issekutz 
2006). Interestingly, this endothelial cell activation 
in response to TNF alpha and the resulting enhance- 
ment in leukocyte adhesion to activated endothe- 
lial cells seems regulated in an autocrine manner 
by endothelial cell-derived angiopoietin-1 (Ang-2). 
Its lack causes a down-regulation of the TNF alpha- 
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Fig. 20.1. Tumor cells 
secrete a number of 
recruitment and dif- 
ferentiation factors that 
stimulate the recruit- 
ment of inflammatory 
cells into the tumor 
microenvironment. 
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induced expression of ICAM-1 and VCAM-1, thereby 
resulting in defects in the adhesion of the rolling 
leukocytes and thus in the endothelial cell-mediated 
recruitment of leukocytes that is essential for the 
inflammatory response (Fiedler et al. 2006). 

While activated endothelial cells are clearly es- 
sential for the establishment of an inflammatory 
response, inflammatory cells also markedly influ- 
ence endothelial cell behavior and angiogenesis by 
multiple mechanisms, such as the release of growth 
factors and proteases. One example linking inflam- 
mation and angiogenesis in normal physiology is 
uterine vascularization in the estrous cycle, where 
estrogen treatment results in the enrichment of neu- 
trophils in the endometrial vessels and subsequently 
stimulation of vascular proliferation by neutrophil- 
produced vascular endothelial growth factor (VEGF) 
(Heryanto et al. 2004). A second example during 
normal physiology is the inflammation-driven an- 
giogenesis in the development of intestinal vessels 
that is mediated through the release of angiogenin 
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4 by intestinal Paneth cells. Here the lack of bacte- 
rial colonization in the intestine of germ-free mice 
blocks the normal development of the villous capil- 
lary network (Hooper et al. 2003). 

Extending these observations from normal phys- 
iological processes to cancer suggests that inflam- 
matory leukocytes in the tumor microenvironment 
may provide an angiogenic stimulus allowing tumor 
growth and progression. This concept is supported 
by a number of studies assigning specific proangio- 
genic roles to different cell types of the innate im- 
mune system. 


Macrophages 


Macrophages and their different functional phe- 
notypes as wells as their role in angiogenesis and 
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progression of solid tumors have recently been a 
matter of intense research. They are derived from 
CD 34* bone marrow progenitors that continually 
proliferate giving rise to the promonocytes of the 
blood stream. These develop into monocytes that 
upon extravasation into the tissue differentiate into 
“resident” tissue macrophages (Ross and Akuger 
2002). The phenotype of the resident tissue mac- 
rophages can vary considerably between different 
body sites; however, they all share some common 
functions including their ability to guard against 
microbial infections, to regulate normal cell turn- 
over and tissue remodeling and to aid in the repair 
of tissue injuries. Macrophages are also known resi- 
dents in the microenvironment of primary as well 
as secondary tumors (Bingle et al. 2002), and in 
recent years compelling evidence has accumulated 
that they play an important role in promoting tu- 
mor growth and progression (Pollard 2004). Indeed, 
like different subtypes of “resident” tissue macro- 
phages, macrophages in the tumor microenviron- 
ment exhibit a distinct phenotype and are termed 
tumor-associated macrophages (TAM). Circulating 
monocytes are recruited into the tumor vicinity 
by a number of tumor-derived chemoattractants, 
including colony-stimulating factor-1 (CSF-1; also 
known as M-CSF), CC chemokines such as CCL2, 
CCL3, CCL4, CCL5 and CCL8, and VEGF, with the 
levels of many of these proteins correlating with the 
number of macrophages in the tumor tissue (Sica et 
al. 2006; Murdoch et al. 2004). The differentiation of 
circulating monocytes into TAMs, a cell type that is 
oriented towards angiogenesis and tissue remodel- 
ing (M2 phenotype) rather than being classically 
pro-inflammatory (M1 phenotype), is induced by 
IL-4, IL-10 and IL-13 (Sica et al. 2006; Mantovani et 
al. 2004). TAMs are poor antigen-presenting cells 
that can suppress T cell activation and proliferation, 
thereby preventing the host from mounting an effec- 
tive anti-tumor response (Sica et al. 2006; Mantovani 
et al. 2002). At the same time TAMs considerably 
contribute to tumor growth and progression not 
only through the production of tumor-promot- 
ing factors such as epidermal growth factor (EGF), 
transforming growth factor beta (TGF beta), hepa- 
tocyte growth factor (HGF) and bFGF (Goswami 


et al. 2005; O'Sullivan et al. 1993; Lewis and 
Murdoch 2005) but also through the stimulation of 
angiogenesis. The first evidence for a role of mac- 
rophages in the modulation of angiogenesis was 
presented by Sunderkotter et al. (1991). Since then 
studies have demonstrated that the accumulation of 
TAMs in the tumor microenvironment is associated 
with the production of a number of proangiogenic 
factors such as VEGF, platelet-derived endothelial 
growth factor, IL-8, TNF alpha and bFGF (Man- 
tovani et al. 2002; Sunderkotter et al. 1991; Lewis 
et al. 1995), as well as angiogenesis-modulating en- 
zymes such as matrix metalloproteinase-2 (MMP-2), 
MMP-7, MMP-9, MMP-12, and urokinase plasmino- 
gen activator (uPA) (Locati et al. 2002; Lanone et al. 
2002). These proteases remodel the ECM, generat- 
ing reactive cleavage products of ECM molecules 
and activating proangiogenic factors such as VEGF 
and others. Furthermore, in cervical cancer TAMS 
were shown to produce VEGF-C and may thus con- 
tribute to peritumoral lymphangiogenesis and lym- 
phatic dissemination of cancer cells (Schoppmann 
et al. 2002). The many proangiogenic functions of 
TAMs might be the reason for the direct correla- 
tion between the number of TAMs and vascular- 
ization that was reported for a number of tumor 
entities such as breast carcinoma (Leek et al. 1996), 
squamous cell carcinoma of the esophagus (Koide 
et al. 2004), bladder carcinoma (Hanada et al. 2000) 
and glioma (Nishie et al. 1999). Pollard and col- 
leagues recently reported that in PyMT-induced 
mammary tumors macrophages are recruited to 
premalignant lesions immediately before the on- 
set of angiogenesis and then induce the angiogenic 
switch that precedes the transition to malignancy. 
Depletion of these macrophages results in a signifi- 
cant reduction in vascular density associated with 
an increase in hypoxic and necrotic areas (Lewis and 
Pollard 2006). Interestingly, a number of studies have 
demonstrated that TAMs accumulate in hypoxic/ne- 
crotic areas in human endometrial, breast, prostate 
and ovarian carcinomas and that their accumula- 
tion correlates with increased lymph node involve- 
ment and/or poor prognosis in breast and endome- 
trial cancer (Leek et al. 1996, 1999; Ohno et al. 2004; 
Negus et al. 1997). Recruitment of macrophages in 
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these tumor areas is most likely influenced by the 
hypoxic induction of macrophage chemoattractants 
such as EMAPII, endothelin 2 and VEGF (Murdoch 
et al. 2004), as well as by their phagocytic capacities. 
On the one hand the hypoxic environment seems 
to inhibit migration of macrophages, thereby trig- 
gering their accumulation in necrotic areas. On 
the other hand, hypoxia induces the expression of 
transcription factors of the hypoxia-inducible factor 
(HIF) family (notably HIF-1 and HIF-2) (Burke et al. 
2002) that in turn will modulate the gene expression 
pattern of macrophages exposed to hypoxia as was 
demonstrated in a recent cDNA array study (White 
et al. 2004). TAMs express a number of angiogenic 
factors such as VEGF, as shown in perinecrotic ar- 
eas of human breast carcinoma, and TNF alpha, 
which induces the expression of MMP-9, leading to 
the release of VEGF from the ECM (Pollard 2004; 
Leek et al. 2000). Additionally, as shown in human 
glioma xenografts, a subset of monocytes macro- 
phages may contribute to angiogenesis through 
the expression of Tie-2 (Lewis and Pollard 2006). 
Finally, TAMs express a number of proteases such 
as uPA and its receptor uPAR. Expression of uPAR 
has been associated with high microvessel den- 
sity and poor prognosis in breast cancer (Foekens 
et al. 2000; Hildenbrand et al. 1998). Additionally, 
in a hypoxic environment macrophages were also 
shown to express elevated levels of MMP-7. This pro- 
tease has many substrates in the ECM and basement 
membrane and is known to stimulate endothelial 
cell proliferation and migration (Burke et al. 2003; 
Nishizuka et al. 2001). Taken together, these stud- 
ies strongly suggest an important role for TAMs in 
the induction of tumor angiogenesis. TAMs migrate 
into hypoxic areas of the tumor, where they are acti- 
vated to synthesize an array of angiogenic regulators 
including growth factors and proteases. This ulti- 
mately induces the formation of new blood vessels 
and allows survival of tumor cells in the hypoxic 
areas as well as local tumor growth. 


Dendritic Cells 


Dendritic cells (DCs) are the second type of profes- 
sional antigen-presenting cells. They play a crucial 
role both in the activation of antigen-specific im- 
munity and in the maintenance of tolerance. They 
participate in the regulation of the inflammatory 
reaction through the release of cytokines and che- 
mokines, providing a link between adaptive and 
innate immunity (Banchereau and Steinman 1998). 
The presence of DCs within human tumors of the 
stomach, colon, prostate, kidney, thyroid, breast 
and melanoma has been reported in clinical studies 
(Tsujitani et al. 1990; Enk et al. 1997; Troy et al. 1998; 
Lespagnard et al. 1999; Schwaab et al. 1999; Bell et al. 
1999; Scarpino et al. 2000). However, the functional 
consequence of this infiltration for tumor growth 
and progression remains unclear. While some stud- 
ies associate DC infiltration with enhanced patient 
survival, others showed that tumor-associated DCs 
were either minimally activated (Tsujitani etal. 1990; 
Troy et al. 1998) or had no correlation with metasta- 
sis-free or overall patient survival (Lespagnard et al. 
1999). Indeed, DCs in the tumor microenvironment 
often seem to be impaired in their normal function 
and can present an immature phenotype (Almand 
et al. 2000; Allavena et al. 2000). Instead, they can be 
converted to silence the anti-tumor response of the 
host (Enk et al. 1997), such that they can turn off the 
responding T cell and induce tolerance (Hackstein 
et al. 2001; Vicari and Caux 2002). Sozzani and col- 
leagues even report that, similarly to macrophages 
of the M2 or the TAM phenotype, DCs can also be 
activated to an angiogenesis-promoting phenotype. 
They demonstrate that alternative activation of DCs 
by anti-inflammatory molecules such as calcitriol, 
prostaglandin E2 (PGE2) or IL-10 prompts them to 
secrete the potent angiogenic growth factor VEGF 
and inhibit their secretion of IL-12, a potent anti- 
angiogenic molecule that is secreted by classically 
activated DCs. Since solid tumors are infiltrated by 
DCs that lack the phenotype of classically activated 
DCs, the authors hypothesize that within the tu- 
mor microenvironment DCs will be activated via the 


355 


356 


M. M. Mueller 


alternative mechanism to produce proangiogenic 
molecules and thus, like TAMs, contribute to tumor 
vascularization and growth (Riboldi et al. 2005). 


Mast Cells 


Like macrophages, mast cells (MCs) are derived from 
CD34+ bone marrow progenitor cells and migrate 
through the circulation to their tissue destination. 
Once they have left the vasculature they differentiate 
under the influence of environmental factors, finally 
acquiring functional maturity. MCs always accom- 
pany connective tissue: they are located in the vicin- 
ity of blood and lymphatic vessels and nerve fibers. 
Functionally they take part in the type 1 hypersen- 
sitivity reaction, in chronic inflammatory processes, 
tissue remodeling and wound healing, as well as 
in the pathological fibrosis of many organs such as 
the lungs (Nienartowicz et al. 2006). The infiltration 
of MCs has been found in a variety of human can- 
cers, including breast carcinoma (Kankkunen et al. 
1997), colorectal cancer (Lachter et al. 1995), basal 
cell carcinoma of the skin (Yamamoto et al. 1997), 
non-small cell lung cancer (Shijubo et al. 2003) and 
pulmonary adenocarcinoma (Imada et al. 2000). 
The influence of MCs on patient survival remains a 
matter of debate, with some studies associating their 
accumulation with enhanced tumor growth and in- 
vasion of several tumor entities (Ribatti et al. 2001a) 
and others correlating their presence in colorectal 
carcinoma with improved prognosis (Nielsen et al. 
1999). Yet, early studies using animal models have 
already demonstrated that increasing mast cell den- 
sity in the tumor promotes tumor growth (Roche 
1985), while reducing their number inhibits tumor 
growth (Starkey et al. 1988). Subsequent analyses 
identified an important role for MCs in the induction 
of tumor angiogenesis (Hiromatsu 2003). Activated 
MCs produce a number of angiogenic growth factors 
such as VEGF, bFGF, IL-8 and TNF alpha (Hiro- 
matsu 2003; Meininger and Zetter 1992), as well as 
additional angiogenic mediators like histamine and 


heparin, that can stimulate endothelial cell prolif- 
eration and may contribute to the leakiness of the 
tumor vasculature (Ribatti et al. 200la). Indeed, it 
is isolated MCs and their secretory granules, but 
not degranulated MCs, that induce an angiogenic 
response in the CAM assay (Ribatti et al. 2001b). 
The angiogenic potential of MCs and their granules 
was significantly reduced by addition of neutraliz- 
ing antibodies to VEGF or BFGF, supporting the idea 
that mast cells have potent angiogenic properties 
that depend on the angiogenic molecules contained 
in their secretory granules. Investigating the role of 
host MCs in angiogenesis, Starkey and colleagues 
were able to link MCs with tumor angiogenesis in 
vivo by comparing the angiogenic response of genet- 
ically MC-deficient W/W* mice and MC-sufficient 
+/+ litter mates to subcutaneously growing Bl6 tu- 
mors. The angiogenic response was initially slower 
and less intense in W/Wv mice, with fewer W/Wv 
developing spontaneous lung metastases. Bone mar- 
row repair of MC deficiency restored the incidence 
of hematogenous metastases to the level of */* mice, 
suggesting a role for host MCs in both tumor angio- 
genesis and hematologic metastases (Starkey et al. 
1988). The essential role of MCs in promoting tumor 
angiogenesis was further substantiated by studies in 
a transgenic model for de novo skin carcinogenesis, 
namely K14-HPV16 transgenic mice, in which hu- 
man papilloma virus type 16 early region genes are 
expressed under the control of the keratin 14 pro- 
moter. These mice develop epidermal hyperplasia 
that is followed by dysplasia and the formation of 
papillomas. Progression to malignant squamous cell 
carcinoma (SCC) is observed in about 20% of mice 
(Coussens et al. 1996). In this system MCs infiltrate 
hyperplastic and dysplastic lesions as well as the in- 
vasive front of tumors. There they contribute to the 
activation of a tumor-supporting stroma and to an- 
giogenesis by releasing MC chymase and tryptase, as 
well as by activating pro-MMP-9, which is provided 
by MCs themselves as well as by neutrophil granu- 
locytes. Genetic depletion of MCs (KitW/KITW Wy) 
resulted in a clearly decreased tumor incidence, with 
a reduction of premalignant angiogenesis as well 
as a decrease in proliferation of keratinocytes and 
stromal fibroblasts leading to attenuated malignant 
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progression (Coussens et al. 1999, 2000). Addition- 
ally, by inhibiting the recruitment of innate immune 
cells, including MCs and neutrophils, into the pre- 
malignant tumor tissue, genetic elimination of T- 
and B-lymphocytes in these K14-HPV16 mice also 
diminished premalignant angiogenesis and reduced 
carcinoma incidence from 47% to 6% (de Visser et 
al. 2005). Taken together, the data clearly support a 
critical role for MCs in the regulation of angiogen- 
esis. The K14-HPV16 model additionally suggests 
that an interaction of a peripheral adaptive immune 
response (specifically B-lymphocytes) and of soluble 
molecules in the serum with innate immune cells 
is necessary for the establishment of a chronic in- 
flammatory response in the tumor microenviron- 
ment that ultimately contributes to an angiogenic 
response in the stroma. 


Neutrophils 


The role of neutrophils in progression of tumor 
angiogenesis has been somewhat neglected, per- 
haps due to their traditional characterization as 
terminally differentiated effectors of inflammation. 
However, neutrophils are remarkably versatile cells. 
They are actively involved in the regulation and 
resolution of inflammation and respond to a wide 
variety of cytokines and chemotactic molecules. As 
the first cells to arrive at sites of infection they are 
highly bactericidal. Besides their release of lytic an- 
timicrobial peptides they can also produce, upon 
appropriate stimulation in vitro or in vivo, a variety 
of proteins including cytokines, chemotactic mol- 
ecules and angiogenic growth factors (Witko-Sarsat 
et al. 2000; Schruefer et al. 2006). Only recently has 
their important and regulatory role in angiogenesis 
and tumor progression entered the focus of atten- 
tion. The prognostic relevance of their presence in 
the tumor tissue is a matter of controversial de- 
bate, with some studies linking their infiltration 
with poorer outcome in patients with adenocarci- 
noma of the bronchioloalveolar carcinoma subtype 


(Bellocq et al. 1998) and others correlating their 
presence with good prognosis in gastric carcinoma 
(Caruso et al. 2002). Independent of these contro- 
versial data, recent studies in vitro and in animal 
models in vivo clearly demonstrate an angiogen- 
esis-promoting capacity of neutrophils that seems 
to promote tumor progression. Neutrophils can 
contribute to tumor angiogenesis in vivo by releas- 
ing IL-8 and VEGF (Schaider et al. 2003). Interest- 
ingly, the neutrophil derived VEGF is thought to 
act on endothelial cells in a dual manner. It induces 
proliferation and migration of endothelial cells and 
thus promotes angiogenesis. Additionally, it seems 
to induce an upregulation of IL-8 secretion in en- 
dothelial cells, thereby augmenting the attraction 
of (VEGF-producing) neutrophils and ultimately 
leading to a paracrine feed-forward mechanism that 
enhances the angiogenic response (Schruefer et al. 
2005). Indeed, the release of VEGF seems to be one 
major component in the angiogenesis-promoting 
capacity of neutrophils. Scapini et al. demonstrated 
that the angiogenic activity of CXC-ERL* cytokines, 
and specifically of CXCL1 (MIP-2) in vivo, is strictly 
dependent on neutrophils and their capacity to 
secrete VEGF-A. Depletion of neutrophils com- 
pletely abrogated the angiogenic response, as did 
a deficiency in the scr family kinases Hck and Fgr 
(Hck”fgr”). While showing a normal neutrophil re- 
cruitment upon CXCL1/MIP-2 stimulation, the neu- 
trophils in the kinase-deficient mice were unable to 
secrete VEGF-A in response to CXCL1 stimulation 
and thus failed to induce an angiogenic response 
(Scapini et al. 2004). Similarly, granulocyte colony- 
stimulating factor (G-CSF) induced recruitment of 
neutrophils into ischemic tissues, increased capil- 
lary density and provided a functional vasculature 
in these tissues via the release of VEGF from the neu- 
trophils. Blockade of the VEGF pathway abrogated 
this G-CSF-induced angiogenesis. Interestingly, in 
this model the proangiogenic effect was not solely 
mediated by the direct stimulation of endothelial 
cells via neutrophil-derived VEGF but also by the 
VEGF-induced mobilization of endothelial progeni- 
tor cells (Ohki et al. 2005). However, neutrophils 
not only contribute to angiogenesis by the release 
of growth factors and cytokines. Additionally, they 
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have been identified as an important source of 
proteases, such as matrix metalloproteinases and 
elastases, in the tumor tissue (Iwatsuki et al. 2000; 
Scapini et al. 2002). Indeed, a number of studies 
demonstrate that neutrophil-derived proteases 
are essential for tumor angiogenesis. In the K14- 
HPV16 mouse model for epithelial carcinogenesis 
the upregulation of MMP-9, which was localized to 
neutrophils in the tumor stroma, was essential for 
early neoplastic progression. Lack of MMP-9 was 
associated with delayed activation of angiogenesis 
in the stroma of hyperplastic lesions, an effect that 
could be rescued by bone marrow transplantation 
from MMP-9 proficient mice (Coussens et al. 2000). 
Similarly, the lack of MMP-9-positive neutrophils as 
well as of MMP-2-expressing stromal cells in mice 
with a double deficiency for MMP-2 and MMP-9 re- 
sulted in a lack of tumor vascularization followed 
by a lack of tumor invasion in transplants of mouse 
skin SCCs (Masson et al. 2005). Reciprocally, ab- 
rogation of angiogenesis by blockade of VEGFR-2 
in a heterotransplant model for human skin SCCs 
was associated with a significant downregulation 
of neutrophil-derived MMP-9 in the mouse stroma 
(Vosseler et al. 2005). The essential role played by 
infiltration of MMP-9-expressing neutrophils in 
tumor angiogenesis was further substantiated by 
studies in the Rip-Tag2 model of pancreatic islet 
carcinogenesis. MMP-9-expressing neutrophils 
were predominantly found in the angiogenic islets 
of dysplasias and tumors, and transient depletion 
of neutrophils clearly reduced the frequency of the 
initial angiogenic switch in the dysplasias. This was 
associated with a suppression of VEGF:VEGF recep- 
tor association, a result of MMP-9 activity that re- 
leases matrix-bound VEGF from the ECM (Nozawa 
et al. 2006). Thus, in this carcinogenesis model the 
infiltrating MMP-9 expressing neutrophils seem to 
play a crucial role in activating angiogenesis during 
early stages of carcinogenesis. Utilizing the HaCaT 
heterotransplantation model for human skin SCCs, 
we provided the first evidence that the infiltration of 
neutrophils into the tumor stroma is not only neces- 
sary to induce the initial onset of angiogenesis but 
also contributes to a persistent angiogenesis that is a 
prerequisite for tumor invasion. Ina matrix-inserted 


surface transplantation model (Mueller and Fusenig 
2002, 2004), expression of G-CSF or co-expression of 
G-CSF and granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF) together induced malignant 
progression of previously benign factor-negative 
HaCaT tumor cells. This progression was associated 
with enhanced and accelerated neutrophil recruit- 
ment into the tumor vicinity that became persistent. 
Together with earlier and enhanced macrophage re- 
cruitment this ultimately resulted in a balance be- 
tween the number of macrophages and neutrophils 
in the stroma of the malignant tumors. In contrast, 
neutrophil recruitment in benign factor-negative tu- 
mors was transient, leading to a clear excess of mac- 
rophages in the stroma of benign tumors. Generally 
the neutrophil recruitment preceded the induction 
of angiogenesis not only in the HaCaT model for skin 
SCCs but also in nude mouse heterotransplants of 
head and neck carcinomas (Obermueller et al. 2004; 
Gutschalk et al. 2006). Only the persistent neutro- 
phil recruitment that was observed in malignant 
transplants was followed by the persistent angio- 
genesis that is a prerequisite for malignant tumor 
growth (Obermueller et al. 2004). Thus, neutrophils 
seem to play a dual role in the activated tumor mi- 
croenvironment. They clearly promote early angio- 
genesis by secreting MMP-9 and VEGF (Coussens et 
al. 2000), Additionally, their interaction with stro- 
mal cells, specifically macrophages, might contrib- 
ute to a tumor-promoting inflammatory infiltrate. 
Indeed, there are first indications that neutrophils 
can modulate the phenotype of the macrophages in 
the tumor vicinity via the secretion of cytokines or 
growth factors towards a tumor-associated macro- 
phage phenotype (Mantovani et al. 2004; Vosseler 
et al. 2005; Vajkoczy et al. 2002). 


Conclusion 


Taken together, there is now abundant evidence 
that the different cell types of the innate immune 
system, particularly macrophages, mast cells, and 
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neutrophils, play an active role in enhancing tu- 
mor angiogenesis, either directly via the release 
of vesicle-stored growth factors, cytokines and 
proteolytic enzymes or indirectly via paracrine 
signaling cascades. Although targeting the tumor 
vasculature to induce tumor cell death has be- 
come an attractive concept (Ferrara et al. 2004), 
such treatment modalities are not always power- 
ful enough to induce complete tumor regression 
(Yang et al. 2003). Given the intimate association 
of the inflammatory infiltrate in the tumor micro- 
environment with tumor angiogenesis, it seems 
more attractive to use the immune system itself 
to halt angiogenesis. There is clear evidence of a 
very high efficacy of anti-inflammatory therapies, 
specifically of COX inhibitors in chemopreven- 
tion (Clevers 2004; Turini and DuBois 2002), and 
a number of studies have elucidated the connec- 
tion between the inflammatory mediator COX- 
2 and angiogenesis (Nakao et al. 2005; Wang et 
al. 2005). COX-2 itself has proangiogenic activ- 
ity (Macarthur et al. 2004). Additionally, COX- 
2 upregulates the expression of Th2 cytokines, 
generating a Th2 environment that promotes tu- 
mor angiogenesis (Dalgleish and O’Byrne 2002). 
Finally, COX itself seems to be upstream of VEGF 
production in stromal cells (Boccaccio et al. 2005), 
and COX-2-catalyzed PGE2 expression seems to 
play a critical role in the HIF-1 alpha-mediated 
regulation of VEGF expression in hypoxic tumor 
areas (Liu et al. 2002). A number of antioxidant 
anti-inflammatory drugs have antiangiogenic po- 
tential, probably by acting directly on inflamma- 
tion-mediated angiogenesis (Albini et al. 2005). 
Additionally, there are first indications of anti-in- 
flammatory properties of angiogenesis inhibitors 
such as vasostatin (Huegel et al. 2006). Thus the 
concept of the indirect inflammation-dependent 
induction of angiogenesis makes inflammation a 
target for tumor therapy and, even better, a target 
for the prevention of tumor angiogenesis by anti- 
inflammatory agents. Ideally, chemoprevention 
via an anti-inflammatory approach will be able 
to block neovascularization before the angiogenic 
switch point, resulting in a significant delay in the 
onset of clinically relevant cancers. 
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Arteriovenous Malformation in Mice and Men 
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Abstract 


Arteriovenous malformations are the most 
dangerous vascular malformations and 
extremely difficult to treat. While most of 
them are sporadic, some are associated with 
autosomal dominant disorders, such as he- 
reditary hemorrhagic telangiectasia, PTEN 
hamartoma tumor syndrome, and capillary 
malformation-arteriovenous malforma- 
tion. Although important advances have 
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been made in the diagnosis and treatment 
of arteriovenous malformations, the patho- 
genic mechanisms remain poorly under- 
stood. Yet, this is an essential step towards 
the development of targeted therapies. Here, 
we discuss the most recent insights on ar- 
teriovenous malformations, on the basis of 
studies on arteriovenous differentiation in 
animal models, and the monogenic disor- 
ders with a predisposition to arteriovenous 
malformations. 


Introduction 


Vascular anomalies are a heterogeneous group of 
disorders subdivided into tumors (hemangiomas) 
and malformations. This classification was pro- 
posed in 1982 (Mulliken and Glowacki 1982) and 
accepted by the International Society for the Study 
of Vascular Anomalies (ISSVA) in 1996. In contrast 
to tumors, vascular malformations exhibit a normal 
rate of endothelial cell turnover throughout their 
natural history (Mulliken and Glowacki 1982), They 
are usually, but not always, obvious at birth and 
grow proportionately with the child. Based on the 
type of vessel affected, several groups are identified: 
capillary, venous, arterial, lymphatic and combined 
malformations. This distinction has more than 
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merely nosologic importance, as the prognosis, fol- 
low-up and treatment of each group are completely 
different. Arteriovenous malformation (AVM) is a 
fast-flow lesion which is either localized, affecting 
the brain, skin, muscles, bone, or viscera, or diffuse, 
affecting for instance an extremity, as in Parkes We- 
ber syndrome. The normal capillary bed is replaced 
by a “nidus”, via which the arterial blood from the 
feeding arteries is shunted into the draining veins 
(Figs. 21.1B and 21.2). In other cases, the commu- 
nication between the artery and the vein is direct, 
and is called arteriovenous fistula (AVF) (Fig. 21.1C) 
(Lasjaunias 1997), AVMs expand slowly, but may 
worsen rapidly at puberty, during pregnancy, after 
trauma and, particularly, after incomplete treat- 
ment. 


c 


Fig. 21.1a-c, Schematic representation of a normal connec- 
tions between arteries, capillaries and veins b arteriovenous 
malformation ¢ arteriovenous fistula 


The incidence of AVM is not known, as many are 
asymptomatic. Figures for brain AVM, based on 
autopsies or imaging studies, vary from 0.01% to 
0.5% (Fleetwood and Steinberg 2002), sometimes 
even more (Choi and Mohr 2005). The evolution is 
variable and unpredictable, from asymptomatic to 
life-threatening. Clinical manifestations depend on 
the age of the patient and the location of the lesion. 
In neonates, AVMs usually present with congestive 
heart failure. Later symptoms are linked to the lo- 
cation: headache, epilepsy, hemorrhage, and focal 
neurological deficit in cerebral lesions; cyanosis, 
clubbing, polycythemia, and right-to-left shunt with 
cerebral abscess and embolic stroke in pulmonary 
lesions; heart failure, portal hypertension, and bili- 
ary disease in hepatic lesions; heaviness, pain, pul- 
satile mass, thrill, trophic changes, and bleeding in 
cutaneous, subcutaneous and muscular lesions. 

The therapeutic attitude depends on lesion type, 
location and symptoms. The spectrum varies from 
conservative follow-up to aggressive treatment, 
such as embolization, radiotherapy and surgery. 
For instance, pulmonary AVM in hereditary hemor- 
rhagic telangiectasia is actively sought and treated, 
while asymptomatic cerebral lesions are followed 
up regularly. The decision to treat or not should be 
made by a multidisciplinary team, including an in- 
ternist, a surgeon, and an interventional radiologist. 
The effects of the treatment can be devastating, and 
should be performed only in reference centers and 
by trained physicians, The treatment has to be as 
complete as possible; otherwise, new feeding arter- 
ies are recruited and the malformation reforms. 

AVM is in many cases an isolated and sporadic 
lesion. Nevertheless, several autosomal dominant 
disorders with a predisposition to AVM have been 
identified: hereditary hemorrhagic telangiectasia, 
PTEN hamartoma tumor syndrome, and capil- 
lary malformation-arteriovenous malformation. 
AVM can also be part of a syndrome, such as Wy- 
burn-Mason syndrome, Cobb syndrome and Parkes 
Weber syndrome. 

While progress has been made in management 
and diagnostic procedures, the origin of these vas- 
cular malformations is still mysterious. Fundamen- 
tal questions such as time of occurrence (congenital 


Fig. 21.2A,B. 

A Adolescent girl with a pulsatile mass 
on the back. B Helical CT (3D recon- 
struction) with contrast injection shows 
a nidus-type arteriovenous malforma- 
tion 


or not), pathogenic mechanisms and natural history 
have not been completely elucidated. The currently 
prevailing opinion is that AVM develops during fetal 
life. Nevertheless, only a small proportion of brain 
AVMs are diagnosed prenatally, probably because 
the malformation is too small to be detected. A mi- 
nority are symptomatic at birth; in general, symp- 
toms appear latter. The pathogenic mechanism lead- 
ing to AVM has puzzled scientists for many years. 
It is tempting to think that molecular pathways 
controlling arterial-venous (AV) differentiation 
play a role. Indeed, it has been shown that under- or 
overexpression of some of these molecules provokes 
AVM in animal models. More direct insight has 
come from identification of the causative genes for 
human monogenic disorders involving AVM, such 
as hereditary hemorrhagic telangiectasia, PTEN 
hamartoma tumor syndrome and capillary malfor- 
mation-arteriovenous malformation. 


Arterial-Venous Differentiation and 
Interest for AVM Pathogenesis 


Arteries and veins are morphologically and func- 
tionally very different. However, in spite of signifi- 
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cant research efforts, it is not known precisely how 
this distinction is established during vascular de- 
velopment. For about 100 years it was thought that 
the structural and functional differences between 
arteries and veins were attributable to physiologi- 
cal factors such as blood pressure, flow and shear 
stress (Thoma 1893; Murray 1926), and endothelial 
cells (ECs) of arteries, veins, and capillaries were 
considered to be a homogeneous population (Risau 
1997). However, during the past few years, several 
molecules that are differently expressed in arterial 
and venous ECs, even before the onset of circula- 
tion, have been identified, suggesting that AV dif- 
ferentiation is governed at least in part by genetic 
mechanisms. 


21.2.1 
Genetic Factors 


Arterial ECs have specific markers such as ephrinB2, 
neuropilinl, and members of the Notch pathway, 
whereas EphB4, neuropilin2, and COUP-TFII are 
specific for venous ECs. The function of this dif- 
ferential expression in AV specification has not been 
completely deciphered. It is thought that vein iden- 
tity comes by default, yet it was recently shown that 
COUP-TFII, a member of the orphan nuclear recep- 
tor superfamily, is specifically expressed in vein ECs 
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and that its inactivation enables veins to express 
arterial markers (You et al. 2005). 

Many molecules are involved in AV differentia- 
tion, but as their under- or overexpression does not 
cause AVM in animal models and they have not 
been involved in human AVMs, they are not dis- 
cussed here. Rather, the main focus is on the Notch 
signaling pathway, an extremely conserved pathway 
across species, essential for embryonic vascular 
development and AV differentiation (Shawber and 
Kitajewski 2004). In mammals, four Notch receptors 
(Notch1-4) and five ligands (Dill, 3, and 4 and Jag- 
ged-1 and-2) have been identified. Several members 
are expressed in ECs and/or supporting cells dur- 
ing development. Mutations lead to abnormalities in 
many organs, including the cardiovascular system. 

Studies in zebrafish have indicated that Notch 
signaling regulates AV specification (Lawson et al. 
2001; Zhong et al. 2001). Indeed, although angio- 
blasts are spatially mixed, each of them participates 
in the formation of either veins or arteries, and this 
decision is guided via the notch-gridlock pathway 
(Zhong et al. 2001). Gridlock has an artery-specific 
expression and is encoded by grl, the homolog of the 
human HEY? gene, a direct transcriptional target of 
the Notch pathway. Reduction of gridlock increases 
the expression of the venous marker EphB4 and 
decreases the arterial marker ephrinB2, suggest- 
ing that the Notch pathway is required to suppress 
venous fate in arterial endothelium. Inhibition of 
Notch signaling in zebrafish embryos results in AV 
shunts between the dorsal aorta and posterior cardi- 
nal vein (Lawson et al. 2001). 

Loss of expression of artery-specific markers 
was also observed in mice with targeted disruption 
of Notch signaling players, such as Notch, Rbpsuh 
(encodes Notch transcriptional mediator) and dou- 
ble-knockout Hey1/Hey2 (Fischer et al. 2004; Krebs 
et al. 2004). Some lead to AVM, such as deletion 
of the Rbpsuh gene in ECs (Krebs et al. 2004), and 
heterozygous loss of the D!l4 ligand, whose expres- 
sion is restricted to large arteries in murine embryos 
(Gale et al. 2004; Krebs et al. 2004). Expression of 
activated Notch4 in embryonic ECs causes failure 
of vascular remodeling and dilation of major ves- 
sels (Uyttendaele et al. 2001), whereas expression of 


constitutively active Notch4 in adult murine ECs in- 
duces blood vessel enlargement and AVM (Carlson 
et al. 2005). The defect in adult mice was reversible 
upon repression of gene expression, and overexpres- 
sion of Notch4 was accompanied by ectopic venous 
expression of arterial marker ephrinB2. These stud- 
ies suggest that activation or inhibition of the Notch 
pathway can cause aberrant AV specification and 
AVM. The observed reversibility of AVM is promis- 
ing for research into targeted therapy. 

In humans, mutations in JAG] (Jagged-1) and 
NOTCH3 have been associated with Alagille syn- 
drome and CADASIL (cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leuko- 
encephalopathy) respectively. Alagille syndrome 
is a multisystem developmental disorder with au- 
tosomal dominant inheritance. These patients do 
not have AVM, but a significant proportion harbor 
a cerebral aneurysm, which causes significant mor- 
bidity and mortality (Kamath et al. 2004). Only one 
CADASIL patient with a cerebral AVM has been re- 
ported (Pescini et al. 2006). Thus, the NOTCH path- 
way has not been directly involved in human AVM 
pathogenesis. 


21.2.2 
Non-Genetic Factors 


Beside genetic factors, several studies have high- 
lighted the importance of hemodynamic forces to- 
gether with EC plasticity in AV differentiation. Thus, 
local factors could play a role in AVM pathogenesis. 
The importance of flow was shown in zebrafish by 
multiphoton time-lapse imaging (Isogai et al. 2003). 
If the primary network of the trunk was formed 
before the onset of circulation, the final connec- 
tion pattern between this and the secondary sprouts, 
and thus the arterial or venous identity, was guided 
by flow dynamics. In chick embryo yolk sac, with 
the establishment of perfusion, some arteriolar 
branches are disconnected from the vitelline artery 
and subsequently reconnect to the venous system. 
This process is accompanied by a switch in EC mark- 
ers from arterial to venous type (le Noble et al. 2004). 
Anexpression study performed on human umbilical 


vein showed that exposure of ECs to mechanical or 
shear stress induced a modification of expression 
of more than 1800 genes (Andersson et al. 2005). 
Moreover, the response to shear stress was highly 
different from that to pressure, suggesting that the 
phenotype of ECs depends on local factors. 

Studies on avian embryos have shown that ECs 
are endowed with plasticity in the earliest steps of 
development, and that this plasticity is required for 
AV differentiation (le Noble et al. 2004; Moyon et al. 
2001). ECs from quail embryos before day 7 are able 
to colonize host arteries and veins with equal effi- 
ciency, regardless of their origin (Moyon et al. 2001). 
After an intermediate period, this plasticity is com- 
pletely lost at embryonic day 11. 


Insights from Monogenic Disorders 
Associated with AVM 


Hereditary hemorrhagic telangiectasia or Rendu- 
Osler-Weber syndrome (HHT, ROW; OMIM 187300) 
is a common autosomal dominant disorder with an 
incidence of about 1 in 10,000, although higher in- 
cidence has been reported in specific areas (Abdalla 
and Letarte 2006). The syndrome is characterized by 
epistaxis, telangiectasias and AVM mainly in lung, 
liver and brain. The frequency of AVM is estimated 
at 30-50% in lungs, 30-40% in the liver, and 10-20% 
in the brain (Begbie et al. 2003; Abdalla and Letarte 
2006). 

HHT is genetically heterogeneous with at least 
four genes involved. In 1994 and 1995 two loci were 
identified by linkage analysis on chromosomes 9q33- 
q34.1 (HHT1) (McDonald et al. 1994; Shovlin et al. 
1994) and 12q11-ql4 (HHT2) (Vincent et al. 1995). 
It was shown that ENG (OMIM 131195) and ALKI1 
{activin receptor-like kinase 1, ACVRL1; OMIM 
601284) were the mutated genes, respectively (McAlI- 
lister et al. 1994; Johnson etal. 1996). Since then, more 
than 150 different mutations have been reported 
in ENG and more than 120 in ALKI (Abdalla and 
Letarte 2006). As the encoded protein is generally ei- 


Arteriovenous Malformation in Mice and Men 


ther not expressed or instable, the major mechanism 
is haploinsufficiency. HHT] and HHT2 are clinically 
similar, as all reported manifestations are known 
to occur in both. However, later onset and lower 
penetrance, fewer cerebral and pulmonary AVMs, 
but more liver involvement and a risk of develop- 
ing pulmonary arterial hypertension are observed 
in HHT2. In 2004, a distinct phenotype combining 
HHT and juvenile polyposis (JPHT; OMIM 175050) 
caused by mutations in MADH4 was described (Gal- 
lione et al. 2004). The HHT phenotype in these pa- 
tients is similar to those of HHT1 and HHT2 (Gal- 
lione et al. 2004). Recently, a classical HHT family 
not linked to, and without mutations in, ENG, ALK], 
and MADH¢4 allowed identification of the HHT3 lo- 
cus on chromosome 5q31.3-q32 (Cole 2005). 

Interestingly, ultrastructurally, the telangiecta- 
sias are AV microfistulas (Braverman et al. 1990). 
The lesion begins as small dilations in postcapillary 
venules. The number of pericytes is increased. Pro- 
gressively the venules continue to enlarge, the capil- 
lary segment disappears and a direct AV communi- 
cation is formed. This entire sequence is associated 
with a perivascular mononuclear cell infiltrate. The 
histological analysis of a cerebral and a pulmonary 
AVM lesion in two HHT1 patients showed vessel 
dilation and variable thickness and disorganiza- 
tion of the smooth muscle cell layer (Bourdeau et al. 
2000a). It has been proposed that the telangiectasias 
and AVM, rather than differing in kind, represent a 
continuum (Krings et al. 2005). 

How mutations in HHT-associated genes lead to 
AVM is not known. ENG, ALK1 and MADH4/SMAD4 
encode components of the TGF-f signaling pathway, 
which plays an important role in development and 
homeostasis of many organs, including the vascular 
system. In the latter, the TGF-B pathway is involved 
in cell proliferation, migration, extracellular matrix 
formation, vascular smooth muscle cell differen- 
tiation and vascular tone. The ALK1 and Endoglin 
proteins are primarily expressed in ECs, whereas 
SMAD4 is ubiquitously expressed. 

ALK1 is a TGF-B receptor type I (TBRI). It is a 
serine-threonine kinase transmembrane receptor, 
recruited and activated by phosphorylation upon 
TGF-B binding on type I] TGF-B receptor (TBRII). 
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ALK] propagates signals to the nucleus via Smad 1 
and 5 (Fig. 21.3). It has been proposed that, in con- 
trast to most cell types, TGF-B signals in ECs through 
two types of TBRI: ALK] and ALKS, the latter being 
required for ALK1 activation (Goumans et al. 2003). 
These two pathways would have opposite functions: 
TGF-B/ALK1 induces cell migration and prolif- 
eration, and TGF-B/ALK5 inhibits both processes 
(Fig. 21.3) (Goumans et al. 2002). The factor which 
tilts the balance toward ALK1 or ALK5 seems to be 
the level of TGF-B: a low level would favor migra- 
tion and proliferation and a high level would have 
an opposite effect. Intriguingly, in another study, 
constitutively active ALK1 inhibited migration and 
proliferation (Lamouille et al. 2002). Moreover, it 
has been shown that in murine blood vessels, Alk5 
is expressed in vascular smooth muscle layer, but 
not in the ECs (Seki et al. 2006). These unexpected 
results require further clarification. 

Targeted Alk1 disruption in mice is lethal at mid- 
gestation (Oh et al. 2000; Urness et al. 2000). Murine 
Alk1- embryos have very few capillary vessels and 
display AVMs between major arteries and veins. The 
arterial marker Efnb2 is down-regulated. Vascular 
smooth muscle cell recruitment and differentiation 
is deficient. Interestingly, Alk1*/” mice develop an 
HHT-like vascular pathology with mucocutaneous, 
hepatic, pulmonary and cerebral vascular lesions 
(Srinivasan et al. 2003). 

The HHT1 protein, Endoglin (CD105; OMIM 
131195), is a homodimeric transmembrane glyco- 
protein primarily expressed in ECs and up-regu- 
lated in tissues undergoing angiogenesis. In vitro 
inhibition of its expression impairs this process (Li 
et al. 2000). Endoglin is known to modulate cellular 
responses to ligands of the TGF-B superfamily. It has 
been proposed that its role in TGF-B signaling is to 
promote the TGF-B/ALK1 pathway for cell prolifera- 
tion and migration (Fig. 21.3) (Lebrin et al. 2004). 
Indeed, cultured Eng*^ murine ECs have impaired 
cell proliferation, migration, and capillary tube for- 
mation and increased collagen production (Jerkic 
et al. 2006). This is consistent with the failure of the 
mature circulating ECs from HHT] patients to form 
cord-like structures in vitro (Fernandez et al. 2005). 
Curiously, in another study Eng“ murine ECs show 


a higher proliferative rate than controls (Pece-Bar- 
bara et al. 2005). 

The Eng null mutation in mice is lethal at mid- 
gestation and shows defects in vascular and cardiac 
development (Bourdeau et al. 1999; Arthur et al. 
2000; Sorensen et al. 2003). Vasculogenesis is nor- 
mal, but the primitive vascular plexus of the yolk 
sac fails to mature. Vascular channels dilate and 
rupture with internal bleeding. Although less im- 
portant and less frequent than in AlkI-“ mice, AV 
shunts between major arteries and veins are ob- 
served. Eng*^ mice survive and develop HHT signs, 
such as telangiectasias and recurrent nosebleeds 
(Bourdeau et al. 2000b). Some have pulmonary and 
hepatic vessel dilation and cerebral AVMs (Bour- 
deau et al. 2000b; Satomi et al. 2003). The prevalence 
is highly dependent on the genetic background, the 
129/Ola strain being 10 times more often affected 
than the C57BL/6 strain (Bourdeau et al. 2001). This 
suggests that mice with a single Eng copy are pre- 
disposed to HHT development and that epigenetic 
factors and/or modifier genes could contribute to 
the phenotypic heterogeneity. One such factor could 
be the TGF-B1 level, which has been shown to be 
lower in wild-type 129/Ola strain than in C57BL/6, 
and this level was further reduced upon loss of one 
Eng allele (Bourdeau et al. 2001). Similarly, HHT] 
patients have a reduced circulating level of TGF-f1 
(Letarte et al. 2005). As TGF-B1 promotes recruit- 
ment and differentiation of mesenchymal cells into 
vascular smooth muscle cells around ECs (Carvalho 
et al. 2004), a decreased level of TGF-B1 could im- 
pair this process and weaken the vessels. In this sce- 
nario, 129/Ola mice would be more susceptible than 
C57BL/6 mice, as their TGF-B1 level is lower. 

Apart its role in TGF-B signaling, it was shown 
that Endoglin is involved in organization of the ac- 
tin cytoskeleton (Conley et al. 2004; Sanz-Rodriguez 
et al. 2004). Mature circulating ECs from HHT1 pa- 
tients have an abnormal shape with a disorganized 
and depolymerized actin cytoskeleton (Fernandez 
et al. 2005). Another interesting function is the 
regulation of nitric oxide-dependent vasodilatation 
(Jerkic et al. 2004; Toporsian et al. 2005). However, 
whereas one study reported decreased endothelium- 
dependent vasodilatation in Eng*”” mice (Jerkic et al. 


2004), another observed the opposite effect (Topor- 
sian et al. 2005). This discrepancy may be linked to 
the small dilations observed in postcapillary venules 
in forming HHT lesions (Braverman et al. 1990). 
MADH4 gene (OMIM 600993), mutated in the 
combined syndrome of juvenile polyposis and HHT, 
codes forSMAD4, whichis the only Co-SMAD known 
in human (Gallione et al. 2004). In contrast with 
ALK] and Endoglin, SMAD4 is expressed in many 
cell types, which may explain the more complex 
phenotype associated with mutations in MADH4. 
In ECs, it forms a complex with R-SMAD activated 
by ALK1 (SMADI and 5) or ALK5 (SMAD2 and 3) 
(Fig. 21.3); the complex translocates to the nucleus 
and activates the transcription of various genes. 
MADH4 is a tumor suppressor gene with multiple 
roles in embryogenesis, Inactivation of the murine 
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homolog of MADH4, Dpc4, causes death before day 
7.5. Mutant embryos are small due to insufficient 
proliferation, no mesoderm is formed, and the vis- 
ceral endoderm is disorganized (Sirard et al. 1998). 
These dramatic effects illustrate the central role 
played by SMAD4 in the TGE-B pathways. Hetero- 
zygous mice are normal. 

PTEN hamartoma tumor syndrome (PHTS) in- 
cludes several tumor-susceptibility disorders with 
mutations in the PTEN gene (OMIM 601728), such 
as Cowden syndrome (CS), Bannayan-Riley-Ruv- 
alcaba syndrome (BRRS), and the Proteus-like syn- 
drome (PLS). Approximately 80% of patients with 
CS, 60% of those with BRRS, and up to 50% of those 
with PLS have mutations in PTEN and are included 
in the PHTS group (Zbuk K, GeneReviews, http;// 
www.geneclinics.org). Although not a recognized 
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Fig. 21.3. Signaling pathways implicated in monogenic disorders associated with arteriovenous malformation. The Ras- 
Raf-MEK-ERK pathway is involved in differentiation, proliferation and cell migration. P120RasGAP (mutated in CM-AVM) 
inhibits Ras by accelerating the conversion of active Ras-GTP to inactive Ras-GDP. P120RasGAP also has the capacity to 
enhance AKT activity, possibly via ILK, with an antiapoptotic effect, and to interact with pl 90RhoGAP important for direct- 
ing cell movement. P13 K/AKT pathway is involved in cell survival. PTEN (mutated in PHTS) down-regulates this pathway. 
It also has an inhibitory effect on Ras/ERK pathway. By dephosphorylating FAK, PTEN could inhibit integrin-mediated 
signaling for cell spreading and migration. TGF- pathway is involved in cell migration and proliferation. ALK1 (mutated 
in HHT2) activates SMAD1 and SMADS5, which associate with SMA D4 (mutated in JPHT), The complex is translocated to the 
nucleus and modulates transcription of various genes. Cell migration and proliferation are stimulated. Endoglin (mutated 
in HHT1) stimulates the TGF-B/ALK1 pathway and inhibits the TGF-B/ALKS pathway 
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diagnostic criterion, AVM has been reported in sev- 
eral patients with PHTS (Turnbull et al. 2005; Zhou 
et al. 2000). 

PTEN is an important tumor suppressor gene im- 
plicated in human cancer. It encodes a lipid/protein 
phosphatase. Viaits lipid phosphatase activity, PTEN 
down-regulates the PI3K/Akt pathway and causes 
cell cycle arrest and apoptosis (Fig. 21.3). Indeed, 
its main substrate in vivo is phosphatidylinositol 
(3,4,5)-triphosphate (PIP3) produced by activated 
phosphatidylinositol-3 kinase (PI3K) (Maehama 
and Dixon 1998). In addition, it has been proposed 
that, via its protein phosphatase activity, PTEN 
would inhibit integrin-mediated cell spreading and 
migration by dephosphorylating FAK (Tamura et al. 
1998, 1999a, 1999b). 

The pathogenic mechanism leading from PTEN 
mutation to AVM is not known, but this association 
suggests PTEN to be implicated in angiogenesis. In- 
deed, it has been shown that PTEN down-regulates 
vascular endothelial growth factor (VEGF) expres- 
sion, and murine Pten is indispensable for normal 
vascular and cardiac morphogenesis. It also has a 
role in tumor angiogenesis (Hamada et al. 2005; 
Koul et al. 2002). In vitro, heterozygous loss of Pten 
in murine ECs induces cell proliferation and migra- 
tion in response to vascular growth factors, such as 
bFGF alone or in combination with either Ang-1 or 
VEGF-A (Hamada et al. 2005). Yet, murine embryos 
with Pten*/- ECs are viable and do not have any 
vascular abnormalities. At adult stage, these mice 
show a more rapid growth of tumors than controls, 
due to increased angiogenesis. Moreover, complete 
loss of Pten in EC leads to embryonic death at E11.5 
due to cardiac and vascular abnormalities. The pri- 
mary vascular plexus is normal, but remodeling 
fails. These mice have increased EC proliferation, 
and dilated and fewer vessels than in controls. Re- 
cruitment of pericytes and smooth muscle cells is 
impaired (Hamada et al. 2005). 

It remains to be unraveled whether all patients 
with CS, BRRS and PLS with AVM have mutations 
in PTEN and whether particular PTEN mutations 
predispose to AVMs. 

Capillary malformation-arteriovenous malfor- 
mation (CM-AVM; OMIM 608354) is an autosomal 


dominant disorder associated with mutations in 
the RASAI gene (Eerola et al. 2003). Clinically, CM- 
AVM is characterized by particular capillary mal- 
formations, which are in general small, multiple and 
randomly distributed. Moreover, about one third 
of CM-AVM patients have AV shunts (Eerola et al. 
2003; Revencu et al., unpublished). The AV shunts in 
CM-AVM are either localized or diffuse. Localized 
AVMs are seen in skin, muscle, bone and brain. The 
diffuse lesions are seen as part of Parkes Weber syn- 
drome (OMIM 608355). This latter is characterized 
by a large cutaneous vascular stain on an extremity 
in association with soft tissue and skeletal hypertro- 
phy of the affected limb, with underlying multiple 
AV microfistulas (Mulliken and Young 1988). 

Until now, 30 different RASAI mutations in 32 
families have been identified, most of them leading 
to premature stop codon (Eerola et al. 2003; Revencu 
et al., unpublished). RASAI encodes pl120RasGAP 
(OMIM 139150), a cytoplasmic modular protein. 
This protein is one of the known mammalian in- 
hibitors (GTPase-activating proteins, GAPs) for 
Ras. pl20RasGAP also has functions independent 
of Ras. 

As with HHT and PHTS, the mechanism by which 
mutations in RASA! cause AVMs is not known, nor 
whether it is Ras-dependent or Ras-independent. 
The Ras proteins (H-Ras, N-Ras, KiA-Ras and KiB- 
Ras) are small GTPases involved in cell survival and 
proliferation. They are central players in several sig- 
naling pathways, the best known being Raf/MAPK, 
leading to cell growth and proliferation, and PI3K/ 
Akt, leading to cell survival (Fig. 21.3). Activating 
somatic mutations in RAS genes occur in up to 30% 
of human cancers. 

In ECs, Ras is required for VEGF-induced pro- 
liferation, migration and branching morphogen- 
esis in three-dimensional cultures (Meadows et 
al. 2001). The active Ras”)? mutant induced in pri- 
mary ECs proliferation via ERK and migration via 
ERK and PI3K (Meadows et al. 2004). Angiopoietin 
1 (Angl), acting via Tie-2 receptor, activates the 
MAPK pathway leading to EC migration (Yoon et 
al. 2003). In human umbilical vein ECs (HUVECs), 
the activation of EphB4 and EphBz2 receptors by the 
artery-specific ligand, ephrinB2, inhibits the VEGF- 


induced EC proliferation and migration, and Angl- 
induced migration (Kim et al. 2002). These activities 
were mediated by the recruitment of pl20RasGAP 
to the EphB4 and EphB2 receptors. In other words, 
at the arterial-venous boundary, the activation of 
the venous Eph receptors by the arterial ephrinB2 
ligand can stop venous EC migration and prolifera- 
tion. Vice versa, the activation of ephrinB2 by EphB4 
did not modify the VEGF and Angi effects. Thus, 
pl20RasGAP insufficiency could lead to abnormal 
venous EC migration and proliferation in the pres- 
ence of VEGF and Angl. 

It has been shown that PTEN has the capacity to 
inhibit H-Ras in mouse fibroblast cell line NIH3T3. 
This was associated more with the inhibition of PI3K- 
dependent signaling cascade than with the inhibi- 
tion of MAPK (Tolkacheva and Chan 2000). However, 
PTEN also has the capacity of inhibiting the EGF- and 
PDGF-mediated Ras/MAPK pathway activation, at 
least in glioblastoma cell line (Gu et al. 1998). Thus, 
we can assume that impaired function of p120RasGAP 
and PTEN in CM-AVM and PHTS, respectively, lead to 
persistent activation of Ras. This could result in acti- 
vation of MAPK and/or PI3K/AKT pathways with ab- 
normal migration, proliferation and survival, and an 
overlapping pathogenic mechanism for AVM in these 
two disorders. Yet, in vitro, in rat cardiac myocytes 
p120RasGAP binds to, and enhances phosphorylation 
and activity of, Akt with a protection against apopto- 
sis (Yue et al. 2004). Knockdown of pl20RasGAP by 
RNAi inhibits Akt phosphorylation. This effect is Ras- 
independent. Another Ras-independent pl120RasGAP 
effect is its interaction with p190RhoGAP (a GAP for 
RhoGTPases). This seems to beimportant for directing 
cell movement by regulation of actin stress fibers, and 
focal adhesion turnover and reorientation (Kulkarni 
et al. 2000). The role of p120RasGAP in angiogenesis is 
highlighted by murine models. P120RasGAP*” mice 
appear normal and fertile, whereas pl120RasGAP 
embryos die at E10.5 due to defects in vascular devel- 
opment (Henkemeyer et al. 1995). Vasculogenesis is 
normal, but subsequently ECs fail to form a highly or- 
ganized vascular network. Embryos mosaic for wild- 
type and p120RasGAP~“ cells survive longer and show 
at E15 edema and abnormal vasculature (Henkemeyer 
et al. 1995). 


Arteriovenous Malformation in Mice and Men 


Sporadic AVM Lesions 


Although the fast-flow lesions associated with vari- 
ous syndromes have allowed insights into factors 
involved in AVM formation in man, the etiopatho- 
genesis of isolated AVM remains unknown. A recent 
case-control study showed an association of a com- 
mon ALK! polymorphism with an increased risk of 
cerebral AVM (Pawlikowska et al. 2005). This ap- 
proach can now be used for the more recently identi- 
fied AVM-associated genes: PTEN and RASAI. 


Concluding Remarks 


The pathogenesis of AVM has not been fully elu- 
cidated, but the associated genes in mice and men 
encode molecules involved in processes essential for 
vascular development and homeostasis, such as cell 
proliferation, migration, survival, morphogenesis, 
cell-cell interaction, and AV specification. These 
molecules seem to operate in different but interact- 
ing pathways, which are involved not only in AVM 
formation, but also in many other developmental 
disorders, as well as in tumor growth. Identifica- 
tion of the molecules involved in AVM pathogenesis 
permits direction of research efforts toward devel- 
opment of targeted therapies, which could be inhibi- 
tors/modulators of the implied signaling pathways: 
TGF-ß signaling, Ras/Raf/MAPK, and PI3 K/AKT. 
Nevertheless, a better understanding of the primary 
versus secondary defects is needed. 
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Abstract 


The first antibody described to block human 
VEGF-A is the mouse monoclonal antibody 
A4.6.1, originally identified based on its 
ability to block endothelial cell proliferation 
stimulated by recombinant human VEGF-A. 
HuMAb VEGF (bevacizumab), a humanized 
derivative of A4.6.1, was approved in the USA 
and Europe for the treatment of colorectal 
cancer in combination with standard chemo- 
therapy and is currently being developed as 
an anti-cancer therapeutic in a large variety 
of human cancer types as single-agent ther- 
apy or in combination with other anti-cancer 
modalities, including cytotoxic compounds 
and radiation. Given the clinical success of 
the first-generation anti-VEGF antibody, 
second-generation anti-VEGF antibodies are 
likely to enter clinical development in the 
near future. In order to select for antibod- 
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ies with improved therapeutic activities, the 
role of epitope binding, binding kinetics and 
potential effector functions will need to be in- 
vestigated carefully using relevant preclinical 
models. One major limitation in the interpre- 
tation of data generated in preclinical animal 
models is the difficulty in defining the ex- 
tent to which pharmacologic and physiologic 
responses mimic those in humans. This is 
particularly true when the therapeutic com- 
pounds of interest interact differentially with 
the human and host VEGF protein, such as in 
the case of first- and second-generation anti- 
VEGF antibodies. In this chapter, we review 
the efficacy, pharmacokinetic, safety and bio- 
distribution data of first- and second-gen- 
eration anti-VEGF antibodies and provide 
an update on the status of the pre-clinical 
model development to study the efficacy and 
safety of various compounds blocking hu- 
man VEGF-A in non-primate models. 


22.2.2 Mechanism of Action of Anti-VEGF 
Antibodies and Preclinical Experiment 
to Study Potency and Efficacy 382 
22.2.3 Broad and Significant Tumor Growth 
Inhibitory Response by A4.6.1 or 
Bevacizumab When Administered As 
Single Agents and Increased Survival 
of Treated Tumor-Bearing Animals 383 
22.2.4 Marked Inhibition of Metastatic Spread 
to Various Organs After 
Treatment of Different Tumors 
with Anti-VEGF Antibodies 384 


H.-P. Gerber, F. Shojaei, M. E. Baldwin 


22.2.5 Bevacizumab or A4.6.1, When 
Administered in Combination 

with Cytotoxic Agents, MMP 
Inhibitors or Radiation Therapy, 
Induced Additive or Synergistic 
Tumor Growth Inhibitory Effects 384 
Correlation Between Pharmacological 
Effects of Tumor Growth 
Inhibition and Vascular Changes 
Safety Pharmacology of A4.6.1 
and Bevacizumab 386 


22.2.6 


385 
22.2.7 


Introduction 


22.1.1 
The Anti-angiogenic Approach as a Therapeutic 
Strategy to Interfere with Tumor Growth 


The anti-angiogenic approach as a therapeutic 
strategy for the treatment of solid tumors was 
originally proposed based upon the observation 
that rapid growth of tumor explants was depen- 
dent upon the development of a rich vascular sup- 
ply (Algire and Chalkley 1945). Tumor cells are 
often present in a dormant state and are not able 
to progress to more malignant states unless they 
undergo a process termed “the angiogenic switch.” 
This process is characterized by the upregulation 
of angiogenic factors within the tumor and/or the 
downregulation of anti-angiogenic genes. Such a 
shift in the balance of angiogenic regulators to- 
wards pro-angiogenic activities results in the on- 
set of tumor angiogenesis and tumor progression 
(Hanahan and Folkman 1996). Mammalian cells 
require oxygen and nutrients for their survival. 
Therefore, within solid tumors, both normal and 
neoplastic cells are located within 100-200 um of 
blood vessels, the diffusion limit for oxygen. With- 
out the growth of new blood vessels, tumors cannot 
grow beyond a critical size or metastasize to other 
organs. Various signals that trigger angiogenesis 
have been described and include metabolic stress 
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(e.g., low pO,, low pH, or hypoglycemia), mechani- 
cal stress (e.g., pressure generated by proliferating 
cells), and immune/inflammatory responses (e.g., 
stimuli generated by immune/inflammatory cells 
that have infiltrated into the tissues; Fig. 22.1), 
Also, genetic mutations within the tumor cells, 
including the activation of oncogenes or deletion 
of tumor-suppressor genes that control produc- 
tion of angiogenesis regulators, can trigger tumor 
angiogenesis (reviewed in Hanahan and Weinberg 
2000). 


22.1.2 
Biological Roles of VEGF 


VEGF and its two receptor tyrosine kinase recep- 
tors, VEGFR-1 [fms-like-tyrosine kinase (Flt-1)] and 
VEGFR-2 [fetal liver kinase-1 (Flk-1) in the mouse], 
constitute the most extensively investigated ligand- 
receptor system involved in the regulation of an- 
giogenesis during physiologic and pathologic pro- 
cesses. VEGF is a key mitogen for endothelial cells 
derived from arteries, veins, and lymphatics of all 
organs analyzed, but it lacks significant mitogenic 
activity on most other cell types. The specificity in 
the biological activity of VEGF for endothelial cells 
can be attributed to the predominant expression 
of VEGFR-1 and VEGFR-2 on these cells. Human 
VEGFR-1 has the highest affinity for recombinant 
human VEGF (rhVEGF,,;), with a K4 of approxi- 
mately 10-20 pM, whereas the affinity of VEGFR-2 
for rhVEGF,,; is lower (approximately 75-125 pM). 


Fig. 22,1. In addition to tumor cells, 

a large variety of untransformed stro- 
mal cells can either directly produce 
VEGF or stimulate tumor cells to se- 
crete VEGF, all contributing to tumor 
angiogenesis. Stromal cells producing 
VEGF include tumor-infiltrating stromal 
noroblasts and or bone marrow-derived 
progenitor cells, Finally, inflammatory 
ceils, including monocytes/macro- 
phages, T- and B-lymphocytes, vascular 
leukocytes, dendritic cells, neutrophils 
and mast cells, are know to upregulate 
VEGF in tumors (reviewed in Coussens 
and Werb 2002). 


More recently, a third VEGF receptor has been iden- 
tied as neuropilin-1 (NRP1). NRP1I was shown to 
bind specifically to exon 7-encoded sequences of 
VEGF and thus fails to bind VEGF,,,, which does 
not encode exon 7. This receptor does not appear to 
signal directly, but functions by facilitating binding 
of VEGF to VEGFR-2, in a manner that enhances 
the effectiveness of VEGFR-2-mediated signaling on 
endothelial cells (Soker et al. 1998). 

Binding of VEGF to VEGFR-] and -2 induces the 
homodimerization of two receptor subunits, which 
in turn triggers autophosphorylation of their tyro- 
sine kinase domains located within the cvtoplasm. 
Autophosphorylation of the tyrosine kinase domains 
subsequently engages a series of signal transduction 
events that ultimately regulate the various biologi- 
cal activities of VEGF on endothelial cells, 

In addition to VEGF’s key activity as an endothe- 
lial cell mitogen, VEGF also induces vasodilatation 
and, based on its ability to induce vascular leakage 
in the guinea pig skin, was also named vascular per- 
meability factor (VPF) (Dvorak et al. 1995). VEGF 
displays chemotactic effects on endothelial cells 
and increases expression of proteolytic enzymes in 
endothelial cells involved in stromal degradation. 
VEGF also mediates immune effects via inhibition 
of maturation of antigen-presenting dendritic cells 
(reviewed in Ferrara 2004) and is a potent survival 
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factor when tested in vitro on serum-starved en- 
dothelial cells isolated from different organs. The 
pro-survival activity of VEGF in human endothelial 
cells is mediated through the binding to VEGFR-2 
and subsequent induction of expression of the anti- 
apoptotic proteins Bel-2 and Al (Gerberet al. 1998a). 
In addition, there is clear evidence that VEGFR-2 
signals for survival via the P13 kinase/Akt pathway 
(Gerber et al. 1998b), In support of Akt’s key regula- 
tory role in endothelial cell survival was the finding 
that transient expression of a constitutively active 
form of Akt (Akt2D), or the wild-type form of Bcl-2, 
was sufficient to rescue apoptotic cell death of pri- 
mary human endothelial cells grown in VEGF-de- 
pleted medium, V EGFR-2 was also shown to activate 
other signal transduction pathways, including phos- 
pholipase C gamma and mitogen-activated kinases 
MAPK p44/42 (Gille et al. 2001). A survival func- 
tion tor VEGF on endothelial cells during neo-an- 
giogenic events in adult animals was demonstrated 
(Alon et al. 1995). Targeted inactivation of the VEGF 
gene resulted in heterozygous embryonic lethality. 
VEGF- embryos are devoid of most endothelial 
and hematopoietic cells and die at approximately 
day 10 of embryonic development (Carmeliet et al. 
1996; Ferrara et al. 1996). Importantly, the survival 
function for VEGF on endothelial cells seems to 
be developmentally regulated, because it is depen- 
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dent on the age of the animal and interference with 
VEGF’s biological functions in adult species was 
well tolerated (Ryan et al. 1999; Gerber and Ferrara 
2000; Malik et al. 2005). 


The Role of VEGF-A in Tumor Angiogenesis 


There is now compelling evidence that VEGF is in- 
deed a major tumor angiogenesis factor and that 
interference with VEGF or VEGF-induced signal 
transduction cascades results in anti-angiogenic re- 
sponses, including decreased number and diameter 
of tumor vessels, which ultimately results in dose- 
dependent inhibition of tumor growth (reviewed in 
Jain et al. 2006). Kim et al. (1993) provided the first 
direct evidence to support the hypothesis that tu- 
mor growth depends upon angiogenesis by employ- 
ing the neutralizing anti-VEGF murine antibody 
A4.6.1, which substantially inhibited the growth of 
three different human tumor cell lines, when xe- 
nografted in immunodeficient mice. Following this 
study, many groups tested A4.6.1 and independently 
reported that growth of a large variety of human 
tumor cell lines was substantially inhibited (re- 
viewed in Ferrara and Davis-Smyth 1997). Using a 
genetic mouse model of pancreatic islet carcinoma, 
it was demonstrated that deletion of the VEGF-A 
gene in early-stage tumors was sufficient to prevent 
adenomas from progressing to carcinomas. The 
failure of tumor progression occurred in the 
presence of all other VEGF ligand family members: 
VEGF-B, -C, -D, and PIGF. Thus, the data indicate 
that VEGF is the key regulator of the angiogenic 
switch and hence tumor progression in this model 
of experimental pancreatic carcinoma and that 
none of the other VEGF family members were able 
to compensate for the absence of VEGF-A (Inoue et 
al. 2002). In a model of human tumor xenografted to 
mice, it was demonstrated that increased expression 
levels of VEGF were sufficient to trigger the angio- 
genic switch. Stable transfection of nontumorigenic 
Chinese hamster ovary (CHO) cells with expression 


vectors for VEGF); or VEGF,,, conferred on these 
cells the ability to form rapidly growing tumors 
(Ferrara et al. 1993). This increase in tumor growth 
in vivo was associated with a strong increase in tu- 
mor vascularization but in the absence of increased 
tumor cell growth in vitro. These findings provided 
further support for the model wherein endothelial 
cells are the primary targets for VEGF’s functions 
during tumor growth. However, many cancer cells 
express VEGFR-1 or -2 (Fan et al. 2005; Wey et al. 
2005) or neuropilin 1 (NP1) (Akagi et al. 2003), and 
some experimental cancer cell lines were shown to 
depend on VEGF for survival. In these cases, VEGF 
inhibition may also have direct cytotoxic effects on 
cancer cells. 

In addition, combination therapy with com- 
pounds targeting the tumor cells directly, such as 
chemotherapy, may potentially be complementary 
for the anti-angiogenic approach, based upon the 
different mechanisms of action underlying both 
strategies (Teicher 1996), Among the many thera- 
peutic strategies designed to interfere with VEGF 
signaling in tumor vasculature, a humanized 
monoclonal antibody to human VEGF-A, which 
prevents binding of VEGF to its receptors, is most 
advanced. Key advantages of the humanized anti- 
body strategy are a high degree of specificity for 
the target antigen combined with a long half-life 
and minimal risk of immunogenicity in humans. 
Furthermore, a major advantage of the anti-an- 
giogenic strategy compared to therapeutic inter- 
ventions targeting tumor cells is that the tumor 
vasculature is derived from local and circulating 
endothelial cells that are considered genetically 
stable and therefore, in contrast to tumor cells,are 
less likely to develop drug resistance during pro- 
longed treatment periods. Thus, this novel thera- 
peutic concept of targeting the tumor vasculature 
by neutralizing VEGF could potentially circum- 
vent the development of drug resistance, which is 
frequently found after prolonged treatment with 
cytotoxic agents targeting the tumor cells. Addi- 
tionally, the ratio between cancer and endothelial 
cells within the tumor can be very small. Such a 
large number of tumor cells depending upon a 
small number of endothelial cells might addition- 


ally amplify the therapeutic effect of anti-angio- 
genic treatment. Finally, it is also conceivable that 
metastatic spread of tumor cells is dependent on 
the existence of a vascular system within or ad- 
jacent to the tumor mass;, thus, the inhibition of 
angiogenesis may reduce tumor metastasis. 

Analysis of both RNA and protein indicates low 
to undetectable expression levels of VEGFR-1 and -2 
on quiescent vasculature in most adult tissues, with 
the exception of renal glomeruli, where the expres- 
sion of these receptors is maintained at moderate to 
high levels even in the adult (Jakeman et al. 1993). 
This is in marked contrast to the significant upregu- 
lation of both VEGF receptors found on the vascu- 
lature of many tumors (reviewed in Ferrara 2005). 
Similarly, increased VEGF levels were detected in 
most tumor sections by in situ hybridization stud- 
ies and immunohistochemical analysis (Table 22.1). 
The cellular origin of VEGF production and secre- 
tion is not limited to neoplastic cells but extends to 
normal stromal cells, including fibroblasts or im- 
mune/inflammatory cell infiltrates, which are com- 
monly found within tumor tissues. The contribution 
of each of these cellular compartments to the overall 
VEGF levels, as well as the role of other angiogenic 
factors, is likely to depend on the tumor type and 
location. Upregulation of VEGF in most human 
tumors relative to normal tissue and correlation 
between VEGF expression and tumor progression 
of various tumor types has been well documented 
(for review see Dvorak et al. 1995, Ferrara and 
Davis-Smyth 1997) (Table 22.1). 

VEGF-A expression is regulated by differentia- 
tion and transformation as well as by oxygen depri- 
vation (Ferrara 2002). Under hypoxic conditions, 
hypoxia inducible factor-1 binds to the promoter 
region of the VEGF-A gene and activates its tran- 
scription. Stabilization of VEGF-A mRNA also 
contributes to increased VEGF-A expression under 
conditions of limited oxygen supply. In addition to 
these epigenetic regulatory events, several cyto- 
kines, hormones, and growth factors upregulate the 
expression of VEGF mRNA and/or induce release 
of VEGF protein (Fig. 22.1). On normal keratino- 
cytes, epidermal growth factor (EGF), transform- 
ing growth factor (TGF)-a and -B and keratino- 
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Table 22.1. Selection of studies reporting correlation 
between vegf expression and tumor progression and/or 
patient surviva 


Tumor location Reference 


Gastrointestinal Maeda et al. 1997; Ichikura et al. 2001; 


tract Kimura et al. 2001; Karayiannakis et al. 
2002 

Breast Toi et al. 1994; Gasparini et al. 1997, 1999; 
Eppenberger et al. 1998; Linderholm et al. 
2000; reviewed in Sledge 2002 

Lung Volm et al. 1997; Yuan et al. 2001; Mall et 
al. 2002 

Thyroid Bunone et al. 1999 

Ovary Hazelton et al. 1999; Hata et al. 2000 

Brain Komuro et al. 2001 

Prostate Strohmeyer et al. 2000 

Adrenal gland de Fraipont et al. 2000 

Liver Poon et al. 2001 

Esophagus Shimada et al. 2001 


cyte growth factor (KGF) induce VEGF expression 
(Frank et al. 1995). EGF also stimulates VEGF ex- 
pression in cultured glioblastoma cells (Goldman 
et al. 1993). Interleukin (IL)l-B induces VEGF in 
normal aortic smooth muscle cells (Li et al. 1995), 
and IL-6 has been shown to induce VEGF expres- 
sion in several tumor cell lines (Cohen et al. 1996). 
Prostaglandin E2 and insulin-like growth factor-1 
also increase VEGF-A expression and stimulate its 
secretion in various cell types (Ferrara and Davis- 
Smyth 1997). 

Genetic mutations frequently found in tumors 
that lead to the induction of VEGF expression in- 
clude a mutated form of the p53 tumor suppres- 
sor gene (Kieser et al. 1994), oncogenic mutations 
or amplification of ras and farnesyl transfer- 
ase (Grugel et al. 1995; Rak et al. 1995), over-ex- 
pression of v-raf (Grugel et al. 1995) and v-Src 
(Mukhopadhyay et al. 1995), and mutant forms 
of the tumor suppressor Von Hippel-Lindau 
(Siemeister et al. 1996). 
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Pharmacology of First-Generation 
Anti-VEGF Antibodies 


22.2.1 
A4.6.1 and Bevacizumab in 
Preclinical Models of Cancer 


Bevacizumab is a human IgG1 version of the par- 
ent murine anti-human VEGF monoclonal anti- 
body (muMAb VEGF) A4.6.1 (Kim et al. 1992), 
which was shown to potently suppress angiogen- 
esis and tumor growth in a variety of human tu- 
mor cell lines transplanted into nude mice (Kim 
et al. 1993). While the majority of the preclini- 
cal tumor studies described in this report used 
A4.6.1, which neutralizes human VEGF; some of 
the later studies used bevacizumab. This bias to- 
wards A4.6.1 occurred primarily because A4.6.1 
was available for supplying research collabora- 
tors from 1993 onward, whereas bevacizumab first 
became available for supply to collaborators in 
1998. Bevacizumab and A4.6.1 were shown to be 
pharmacologically equivalent when tested with 
human cells, human tissues, and different human 
VEGF isoforms (Table 22.2 and Presta et al. 1997). 
The humanization of muMAb VEGF A4.6.1 was 
accomplished by site-directed mutagenesis of a 
human IgGl framework (Presta et al. 1997). The 
same sequences have been successfully used in 
the humanization of other murine antibodies, 
including those targeted to HER-2 (Herceptin, 
trastuzumab; Carter et al. 1992) and IgE (Xolair, 
omalizumab; Presta et al. 1993). Overall, beva- 
cizumab consists of about 93% human and 7% 
murine sequence. Bevacizumab recognizes and 
neutralizes all isoforms of human VEGF with a 
dissociation constant (Kd) of 80 pM (Presta et al. 
1997) and inhibits VEGF-induced proliferation of 
endothelial cells in vitro and tumor growth in 
vivo with potency and efficacy almost identical 
to those of its parental murine ortholog A4.6.1 
(Table 22.2). 


22.2.2 

Mechanism of Action of Anti-VEGF Antibodies 
and Preclinical Experiment to Study Potency 
and Efficacy 


Bevacizumab binds to and neutralizes the biological 
activities of the human VEGF isoforms (VEGF121, 
145, 165, 189, and 206) and the proteolytic cleav- 
age product VEGF,,, (Houck et al. 1992; Kim et al. 
1992). Although some of the VEGF residues that 
are critical for antibody binding are distinct from 
those important for high-affinity receptor binding, 
they occupy a common region on VEGF (Muller 
et al. 1998). The combined data from structural, bio- 
chemical, biological, and pharmacological analysis 
conclusively demonstrated that the neutralizing ef- 
fect of bevacizumab bound to VEGF results from 
steric blocking of the binding of VEGF to both its 
receptors, VEGFR-1 and VEGFR-2 (Muller et al. 
1998). 

A series of experiments using preclinical tumor 
models was conducted to test the hypothesis that 
interference with tumor angiogenesis, by targeting 
VEGF, is a reasonable approach to inhibit tumor 
growth. The experiments conducted fell into four 
major categories: 

è Assessment of the efficacy of the VEGF-neutral- 
izing antibodies when tested as a single agent in 


Table 22.2. Pharmacological characteristics of 
bevacizumab and A4.6.11 


Bevacizumab A4.6.1 


Kd human VEGF165 80 pM? 80 pM? 
ED; ACE cell proliferation® 50+5 ng/ml° 4848 ng/ml‘ 
In vivo tumor growth inhibition* 
0.5 mg/kg, IP, twice weekly4 


5.0 mg/kg, IP, twice weekly4 


90% 
95% 


85% 
93% 


(Shimada et al. 2001)., (Kim et al. 1992)., “ED; values based 
on bovine adrenal cortical endothelial cells (ACE) stimulated 
with 3 ng/ml rhVEGF165., 4Percent inhibition of human rhab- 
domyosarcoma cell line (A673) xenografted in nude mice cal- 
culated based on tumor weight measurements 4 weeks after 
tumor cell implantation (Presta et al. 1997). 


conjunction with more than 20 different human 
tumor cell lines representing 13 tumor types. 
These studies revealed broad and significant 
growth inhibition when anti-VEGF was adminis- 
tered simultaneously to tumor cell implantation 
and also when it was administered to animals 
bearing established tumors. 

è Studies of the effects of VEGF-neutralizing anti- 
bodies when tested in experimental models of 
tumor metastasis. These studies demonstrated 
almost complete inhibition of tumor metastasis 
to various organs and increased survival rates of 
anti-VEGF treated animals. 

@ Studies on tumor growth in animals treated with 
VEGF-neutralizing antibodies in combination 
with cytotoxic agents or radiation therapy, which 
revealed additive or synergistic tumor growth 
inhibitory effects. Combination treatment with 
other anti-angiogenic compounds [matrix metal- 
loproteinase (MMP) inhibitors] revealed less pro- 
nounced, tumor type-specific inhibitory effects. 

e The analysis of vascular changes in tumors of 
mice treated with VEGF-neutralizing antibodies, 
which demonstrated a strong correlation between 
pharmacological effects of tumor growth inhibi- 
tion and vascular changes. There was a profound 
reduction in the permeability of the tumor vas- 
culature associated with a decrease in interstitial 
tumor pressure. 


22.2.3 

Broad and Significant Tumor Growth 
Inhibitory Response by A4.6.1 or Bevacizumab 
When Administered As Single Agents 

and Increased Survival of 

Treated Tumor-Bearing Animals 


Bevacizumab and A4.6.1 were tested in xeno- 
transplant models of cancer in immunodeficient 
mice. Robust, dose-dependent pharmacological 
effects were observed for all tumor types when 
either A4.6.1 or bevacizumab was administered 
as a single agent. Tumor types that displayed 
growth inhibition included rhabdomyosarcoma, 
glioblastoma multiforme, leiomyosarcoma, ovar- 
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ian carcinoma, prostate carcinoma, hepatoblas- 
toma, neuroblastoma, melanoma, pancreatic 
carcinoma, Wilms' tumor, colon carcinoma and 
breast carcinoma. For a complete review of all 
human tumor cell lines and the pharmacological 
effects of anti-VEGF treatment, see Gerber and 
Ferrara (2005). Dose-dependent tumor growth in- 
hibition was observed independent of tumor lo- 
cation (subcutaneous, intradermal, intracranial, 
intrarenal, intrasplenic), and all routes of admin- 
istration were effective (intravenous, intraperito- 
neal, and intratumoral). Inhibition of growth of 
primary tumors was obtained with early initiation 
of treatment (between days 0 and 5 after tumor 
implantation) and also on late intervention, i.e. 
when treatment was started on day 5 or later after 
tumor cell implantation (Kim et al. 1993; Yuan et 
al. 1996; Mesiano et al. 1998; Melnyk et al. 1999; 
Rowe et al. 2000; Fox et al. 2002; Hu et al. 2002; 
Bockhorn et al. 2003). The effects of anti-VEGF 
treatment on tumor growth was assessed by tu- 
mor size and/or weight and ranged from 25% to 
>95% inhibition relative to control treatment. 
Immunohistochemical analysis on paraformal- 
dehyde-fixed sections of liver tumors and intra- 
vital microscopy revealed moderate to complete 
inhibition of tumor angiogenesis after treatment 
with bevacizumab or A4.6.1. In a model of experi- 
mental hepatoblastoma, a significant reduction in 
CD31-positive endothelial cells and concomitant 
increase in &-smooth muscle actin (a-SMA)-posi- 
tive pericytes was identified in the tumor vascula- 
ture following 8 weeks of treatment (McCrudden 
et al. 2003). When tested in a rat model of in- 
tracranial glioblastoma, administration of A4.6.1 
decreased tumor vascularity, increased tumor cell 
apoptosis, and significantly prolonged survival of 
tumor-bearing animals (Rubenstein et al. 2000). 
Importantly, administration of A4.6.1 to tumor 
cell lines grown in vitro had no effect on their 
proliferation rates (Kim et al. 1993), confirming 
that the primary pharmacological effects of A4.6.1 
or bevacizumab are not directly on tumor cells, 
but the reduction of endothelial cell survival and 
proliferation within the tumor vasculature, ulti- 
mately targeting the blood supply to the tumor. 
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22.2.4 

Marked Inhibition of Metastatic Spread to 
Various Organs After Treatment of Different 
Tumors with Anti-VEGF Antibodies 


Tumor metastasis is associated with tumor angiogen- 
esis; thus, interference with angiogenesis may reduce 
metastatic spread of solid tumors. In support of this 
concept, administration of A4.6.1 in tumor-bearing 
athymic mice led to a pronounced and significant 
dose-dependent inhibition of growth of subcutane- 
ous tumor-xenografts in addition to a marked reduc- 
tion in the number and size of experimental metasta- 
ses. Human colon carcinoma cells, after intrasplenic 
injection, displayed metastatic spread into the liver 
of experimental mice. When tested in this model, a 
90% reduction in the primary tumor mass was ob- 
served in response to A4.6.1 treatment. The average 
number of tumors per liver and the mean estimated 
tumor volume per liver were 10-18 times lower in 
A4.6.1-treated than in control animals. In hepatic 
metastases of A4.6.1-treated mice, neither blood ves- 
selsnorexpression of VEGFR-2 couldbe demonstrated 
(Warren et al. 1995). Similar anti-metastatic effects 
were observed in murine models of established 
metastatic prostate cancer, where subcutaneously 
grown tumors metastasize into the lung. Treatment 
with A4.6.1 3 days after tumor cell implantation 
(early treatment) not only suppressed primary tu- 
mor growth but inhibited metastatic dissemination 
to the lung. When treatment was delayed for 7 days 
until the primary tumors were well established, fur- 
ther growth of the primary tumor was inhibited, as 
was the progression of metastatic disease (Melnyk 
et al. 1999). Finally, pronounced inhibitory effects 
on growth of primary tumors and metastasis were 
reported when A4.6.1 was tested in experimental 
models of prostate tumors (Hotz et al. 2003). Similar 
effects on tumor growth and metastasis were re- 
ported in a third study, an experimental model of 
anaplastic Wilms’ tumor implanted into mouse kid- 
neys. A4.6.1 treatment resulted in a greater than 95% 
reduction in primary tumor weight and also abol- 
ished the establishment of lung metastases (Rowe 
et al. 2000). 


22.2.5 

Bevacizumab or A4.6.1, 

When Administered in Combination with 
Cytotoxic Agents, MMP Inhibitors or Radiation 
Therapy, Induced Additive or Synergistic Tumor 
Growth Inhibitory Effects 


A4.6.1 and bevacizumab were both tested in con- 
junction with commonly used cytotoxic agents. 
Combination with topotecan was tested in human 
Wilms’ tumor (Soffer et al. 2001) and human neu- 
roblastoma tumors (Kim et al. 2002a). Interestingly, 
the combination of topotecan with bevacizumab not 
only reduced tumor vascularity and suppressed pri- 
mary tumor growth in the kidney, but also inhibited 
metastasis of Wilms' tumor to the lung more ef- 
fectively than either agent alone (Soffer et al. 2001). 
In addition to the synergistic inhibitory effects on 
primary tumor growth, a significant reduction of 
tumor metastasis was observed in combination 
therapy, including low-dose topotecan (a topoisom- 
erase-] inhibitor) and A4.6.1. After intrarenal injec- 
tion of the tumor cells, suppression of tumor growth 
and of numbers of metastases of Wilms’ tumor to 
the lung was greater after combination treatment 
than after treatment with either compound alone 
(Soffer et al. 2001). The most pronounced inhibition 
of growth of a primary human tumor, neuroblas- 
toma, occurred when combining A4.6.1 with topo- 
tecan after intrarenal implantation of tumor cells 
(Kim et al. 2002b). 

Paclitaxel was tested in combination with bevaci- 
zumab and A4.6.1, and the effects on growth of hu- 
man prostate cancer and ovarian carcinoma were 
analyzed (Fox et al. 2002; Hu et al. 2002). The com- 
bination of paclitaxel and bevacizumab resulted in 
greater inhibition of neuroblastoma tumor growth 
than that observed with either agent alone (Fox et 
al. 2002). Growth of ovarian carcinoma tumors was 
equally inhibited when treated with paclitaxel alone 
or when combined with A4.6.1. However, virtually 
no ascites developed in the combined treatment 
group or the group treated with A4.6.1 alone, while 
paclitaxel alone reduced ascites slightly, but not sig- 
nificantly (Hu et al. 2002). 


Docetaxel, another cytotoxic agent, was tested in 
combination with A4.6.1 using an in vivo Matrigel 
invasion assay to determine their combined effects 
on angiogenesis (Sweeney et al. 2001). The com- 
bined data suggest that microenvironmental factors 
capable of inducing endothelial cell survival such 
as VEGF or basic fibroblast growth factor (FGF-2) 
could play a role in decreasing the anti-angiogenic 
effects of docetaxel. Agents directed against VEGF, 
such as A4.6.1, may reverse this protective effect, 
which may explain the additive effects on inhibiting 
angiogenesis in this model. 

Doxorubicin, a cytotoxic agent commonly used 
in the treatment of breast carcinoma, reduced the 
growth rate of tumor cells when administered as 
single agent but did not significantly affect angiogen- 
esis. Administration of doxorubicin in combination 
with A4.6.1 resulted in significant tumor regression. 
Histopathology indicated that some tumor sections 
in the combination group lacked viable tumor cells 
at the end of the 2-week observation period. The pre- 
clinical combination experiments all led to a more 
pronounced inhibition of tumor growth and angio- 
genesis or increased survival, compared to the ef- 
fects induced by single-agent treatment. 

In addition, A4.6.1 was tested in combination 
with an inhibitor of MMPs in an experimental 
model of human pancreatic cancer (Hotz et al. 2003). 
Both VEGF blockade and MMP inhibition reduced 
primary tumor size, metastasis, and angiogenesis, 
thereby increasing survival in experimental pancre- 
atic cancer. 

Finally, A4.6.1 was tested in combination with 
radiation therapy to assess the effects on tumor 
growth of two different human tumor cell lines 
in mice. Combination treatment induced tumor- 
growth delay (TGD) of glioblastoma tumors which 
was greater than additive; with adenocarcinoma, 
however, the effect was additive. The TGD occurred 
irrespective of the degree of hypoxia, suggesting that 
A4.6.1 treatment can compensate for the resistance 
to radiation induced by hypoxia (Lee et al. 2000). 
Hypoxia is a major factor contributing to the radio- 
resistance of tumor cells. Thus the effect of A4.6.1 
on oxygen levels within the tumors and the correla- 
tion with treatment response was investigated. For 
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both tumor types, the TGD induced by the antibody 
was independent of oxygen levels in the tumor at 
the time of radiation. The increase in TGD occurred 
under both normoxic and hypoxic conditions, sug- 
gesting that treatment with A4.6.1 can compensate 
for the resistance to radiation induced by hypoxia 
(Lee et al. 2000). 

In conclusion, these data indicate that neutraliza- 
tion of VEGF in combination with conventional cy- 
totoxic agents or radiation may be superior to single 
treatment alone and hence beneficial in cancer treat- 
ment. Improved pharmacological effects within the 
combination treatment groups were observed inde- 
pendently of the experimental models, endpoints or 
anti-tumor strategies applied (radiation, cytotoxic 
agents, MMP inhibitors). None of the studies re- 
ported increased toxicity in the combination rela- 
tive to single-treatment groups. Combined, the data 
provided further support for the model wherein 
combining anti-angiogenic compounds with anti- 
tumor strategies may result in increased efficacy. 


22.2.6 
Correlation Between Pharmacological Effects of 
Tumor Growth Inhibition and Vascular Changes 


Intravital videomicroscopy techniques employed 
to study tumors treated with A4.6.1 augmented the 
understanding of the role of VEGF in tumorigenesis 
(Borgstrom et al. 1996, 1998). Noninvasive imaging 
of the vasculature demonstrated a nearly complete 
suppression of tumor-associated angiogenesis in 
animals treated with A4.6.1, compared to controls. 
These findings provided direct verification that in- 
hibition of angiogenesis is the mechanism of tumor 
suppression after anti-VEGF treatment (Borgstrom 
et al. 1996). 

Magnetic resonance imaging (MRI) enhanced 
with a macromolecular contrast medium (MMCM) 
was used to investigate the effects of VEGF on the 
permeability and other properties of tumor vessels 
(Brasch et al. 1997). In an experimental model of hu- 
man ovarian cancer, MRI demonstrated robust and 
rapid alterations in microvascular permeability after 
inhibition of VEGF by A4.6.1. A significant decrease 
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of 97% in vascular permeability was observed as 
early as 24h after administration of A4.6.1 (Brasch 
et al. 1997). The time course of the down-modula- 
tion of vascular permeability did not vary with the 
route of administration and was observed as early 
as 24 h after intraperitoneal (IP) or intravenous (IV) 
administration. Vascular imaging studies also re- 
vealed decreased vascular permeability in tumors 
treated for up to 4 weeks with A4.6.1; a reduction in 
interstitial tumor pressure was identified (Lee et al. 
2000). In order to investigate the effects on tumor 
accumulation of two cytotoxic compounds, A4.6.1 
was administered with cisplatin, a highly protein- 
bound cytotoxin, or 5-fluorouracil (5-FU), a small 
unbound cytotoxin. Dynamic MRI enhanced with 
a MMCM detected a similar reduction of transen- 
dothelial permeability and cisplatin, but no correla- 
tion with 5-FU was described (Daldrup-Link et al. 
2004). The use of MMCM in animals inoculated in- 
traperitoneally with human ovarian tumor cells and 
treated with A4.6.1 revealed accumulation of signifi- 
cantly smaller volumes of peritoneal ascites and sig- 
nificantly lower tumor microvascular permeabilities 
than in control animals after treatment for 10 days 
(Gossmann et al. 2002) or 14 days (Gossmann et al. 
2000). The reduction in permeability was associated 
with a decrease in interstitial pressure within the 
tumor (Lee et al. 2000) and an almost complete in- 
hibition of ascites formation in experimental mod- 
els of human ovarian tumors (Mesiano et al. 1998; 
Gossmann et al. 2000). Thus, the beneficial effects 
of A4.6.1 treatment on neoplastic lesions located 
within or near the peritoneal cavity may include a 
decrease in peritoneal fluid accumulation in addi- 
tion to the growth inhibitory effects on the primary 
tumor. Therefore, these noninvasive techniques 
confirmed the significant reduction in tumor vascu- 
larity observed by histological analysis. The reduc- 
tion in tumor vascularity found in all tumor types 
tested correlated with the tumor growth inhibitory 
activities induced by A4.6.1 or bevacizumab treat- 
ment. In agreement with these preclinical observa- 
tion, changes in vascular functions in patients with 
rectal carcinomas following a single infusion of be- 
vacizumab have been reported, including a decrease 
in tumor perfusion, vascular volume, microvascular 


density and interstitial fluid pressure. In addition, a 
reduction in the number of viable, circulating endo- 
thelial cells in a small set of colorectal cancer patients 
was observed (Willett et al. 2004). These results are 
consistent with the hypothesis that new microves- 
sels formed in response to angiogenic stimulus are 
hyperpermeable (Yuan et al. 1996), and support the 
model in which VEGF-induced hyperpermeability 
is a mechanistic element in tumor angiogenesis. In 
conclusion, the data from studies evaluating the ef- 
fects of A4.6.1 or bevacizumab treatment on tumor 
angiogenesis by means of noninvasive techniques 
such as MRI and intravital microscopy in rodents 
and patients are consistent with a reduction in the 
amounts of endothelial cells and microcapillary 
counts within the tumor tissue. In summary, these 
preclinical and clinical studies conclusively demon- 
strate that among the many candidate angiogenic 
activities identified so far, interference with VEGF 
activity appears the most promising strategy for in- 
terference with tumor angiogenesis in a broad range 
of tumor types. 


22.2.7 
Safety Pharmacology of A4.6.1 and 
Bevacizumab 


Because bevacizumab and A4.6.1 do not bind to 
murine VEGF, no formal preclinical safety phar- 
macology studies were conducted in preclinical 
murine models. Safety evaluations and toxicology 
tests were performed in cynomolgus monkeys, a 
pharmacologically reactive species. These studies 
revealed dose-related effects on sites of active neo- 
angiogenesis, including an increase in the numbers 
of hypertrophied chondrocytes, subchondral bony 
plate formation, and inhibition of vascular inva- 
sion of the growth plate in young adult cynomolgus 
monkeys (Ryan et al. 1999). As expected, decreased 
ovarian and uterine weights and absence of corpora 
lutea were observed in female cynomolgus monkeys 
after treatment with bevacizumab (Ryan et al. 1999). 
Both the physeal and ovarian changes were revers- 
ible with cessation of treatment. In conclusion, no 
unexpected or significant treatment-related effects 


were observed in adult animals even after prolonged 
treatment with high doses (26 weeks, 50 mg/kg, IV, 
once- or twice-weekly injections) of bevacizumab 
in cynomolgus monkeys. While no formal in vivo 
safety pharmacology studies were conducted with 
bevacizumab or A4.6.1, several safety endpoints 
were incorporated into the repeat-dose toxicology 
studies in cynomolgus monkeys (Ryan et al. 1999). 
No treatment-related effects on physical parame- 
ters, including respiration rate, blood pressure, and 
electrocardiographic measurement, were observed 
in cynomolgus monkeys administered 2-50 mg/kg 
of bevacizumab intravenously once or twice weekly 
for up to 26 weeks. 


Conclusions and Future Developments 


The experiments reviewed in this chapter were 
designed to identify potential differences between 
various types of tumors in their response to anti- 
VEGF treatment when administered as single agent 
or in combination with cytotoxic agents or radiation 
therapy. Also, the effects of early versus late onset of 
anti-VEGF treatment on the progression of various 
tumor types and their metastatic potential were in- 
vestigated. Finally, vascular changes within tumors 
in response to anti-VEGF treatment were analyzed. 

The preclinical tumor growth studies conducted 
with bevacizumab or its parental murine antibody, 
A4.6.1, have confirmed that the pharmacological 
activities are consistent with those expected from 
inhibiting VEGF. VEGF regulates multiple endothe- 
lial cell functions, including cell proliferation, adhe- 
sion, migration, survival, and vascular permeabil- 
ity. The experiments demonstrate that antibodies 
targeting human VEGF potently inhibited VEGF's 
survival function on endothelial cells within the 
tumor vasculature without interfering with endo- 
thelial cell functions in mature, quiescent vascu- 
lature in adults. Anti-VEGF antibodies (A4.6.1 and 
bevacizumab), when administered as single agents, 
displayed robust pharmacological effects and in- 
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hibited tumor angiogenesis and growth of a variety 
of human tumor cell lines when implanted at dif- 
ferent locations in immunocompromised mice or 
rats (reviewed in Gerber and Ferrara 2005). These 
effects were independent of the route of administra- 
tion and were observed following IP, IV, or intratu- 
moral injections. Furthermore, the inhibitory activ- 
ity of anti-VEGF antibodies on tumor angiogenesis 
and growth was observed irrespective of the time of 
onset of treatment. However, the growth inhibitory 
effects were less pronounced when treatment was 
initiated on already existing tumors. Further sup- 
port for a key regulatory role of VEGF during tumor 
angiogenesis of multiple tumor types and locations 
was provided by the findings that inhibition of tu- 
mor growth in preclinical models was independent 
of the tumor type and site of tumor cell implantation 
tested. Profound inhibitory effects on tumor growth 
by A4.6.1 were observed when tumor cells were im- 
planted subcutaneously, intracranially, intrarenally 
or intradermally. 

When tested in experimental models of tumor 
metastasis, A4.6.1 displayed robust pharmacologi- 
cal activity when administered as a single agent. 
Anti-VEGF treatment in combination with cytotoxic 
agents or radiation therapy revealed additive or 
synergistic effects with regard to tumor inhibition 
and vascular regression as determined by intravital 
microscopy. In combination with radiation, A4.6.1 
treatment reversed the radiation resistance induced 
by increased levels of hypoxia, which often occurs as 
a consequence of radiation therapy (Lee et al. 2000). 
Depriving the tumor endothelium of VEGF may 
thus represent an important strategy to increase the 
anti-tumor effects of radiation treatment, and may 
indicate that the best use of anti-VEGF therapy may 
be in combination with cytotoxic anti-tumor thera- 
pies. 

In an experimental model of human ovarian can- 
cer, MRI analysis demonstrated robust and rapid 
alterations in microvascular permeability after in- 
hibition of VEGF by A4.6.1. These findings indicate 
interference with VEGF's function as a vascular per- 
meability factor as a consequence of treatment with 
A4.6.1. The reduction in permeability was associated 
with a decrease in interstitial pressure within the tu- 
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mor (Lee et al. 2000). Such a decrease in interstitial 
pressure may allow for better tumor penetration of 
cytotoxic agents and thus may provide a rationale 
for the observed synergism between anti-VEGF and 
chemotherapy (Borgstrom et al. 1999). Results from 
studies evaluating the effects of anti-VEGF treat- 
ment on tumor angiogenesis by MRI and intravital 
microscopy in mice and rats are consistent with a 
reduction in the numbers of endothelial cells and 
microcapillary counts in the tumor tissue. The data 
obtained from MRI studies, using contrast agents 
to study changes in vascular permeability in anti- 
VEGF-treated tumors, suggested that this strategy 
may be used more generally in humans to assess 
efficacy of experimental modalities aiming at the 
neutralization of VEGF activity. Furthermore, the 
experimental findings indicate that the pharmaco- 
logical effect of anti-VEGF treatment is based in part 
on the prevention of the leakage of proteinaceous 
fluid into the paratumoral interstitium, which pro- 
vides an ideal matrix for the ingrowth of capillary 
buds. 


22.3.1 
Next-Generation Anti-VEGF Compounds 


Two different forms of soluble VEGF receptor decoys 
were tested in preclinical models and one of these 
receptor-IgG chimeras is currently being developed 
clinically (Gerber et al. 2000; Holash et al. 2002). 
However, both constructs neutralize not only VEGF- 
A, but also the VEGF homologs PIGF and VEGF-B, 
which may play additional roles in tumor angiogen- 
esis. Therefore, these compounds do not allow study 
of the effects of selective VEGF-A blockade in mice, 
as they have different ligand binding and pharmaco- 
logical properties than antibodies. Recently, a series 
of novel anti-VEGF antibodies, including B20-4.1 
and G6-23 and G6-31, derived from synthetic an- 
tibody phage libraries and cross-reactive between 
mouse and human VEGF, have been described (Fuh 
et al. 2005; Liang et al. 2005). All three compounds 
completely block growth of different human tumors 
xenografted to immunocompromised mice (Liang et 
al. 2005). In contrast, bevacizumab inhibited growth 


of these tumors less efficiently, presumably due to 
the presence of stromal cell-derived murine VEGF 
recruited to these tumors. Combined, these studies 
demonstrated the important contributions of both 
tumor- and stromal cell-derived VEGF-A to vascu- 
larization and growth of human tumors grown in 
mice. 

Interestingly, these second-generation anti-VEGF 
antibodies target a different epitope on VEGF than 
bevacizumab, which matches more closely the re- 
gions bound by VEGF receptors. When tested in 
vitro for the ability to inhibit endothelial cell pro- 
liferation stimulated by VEGF-A, a correlation be- 
tween the potency and affinity of second-generation 
anti-VEGF antibodies was identified (Liang et al. 
2005). These in vitro findings raised the possibility, 
that these antibodies may exert increased potency 
or efficacy in pharmacodynamic experiments in 
vivo. However, the differences in species specificity 
between first- and second-generation anti-VEGF an- 
tibodies precluded direct head-to-head comparisons 
with first-generation MAbs, and the importance of 
antibody epitope and affinity for the therapeutic 
indexes of anti-VEGF antibodies remains to be de- 
termined. 

In order to generate a preclinical model with com- 
parable pharmacological responsiveness towards all 
anti-VEGF compounds, we engineered mice to ex- 
press a humanized form of VEGF-A by employing 
Cre-LoxP technology. Homozygous knock-in mice 
(VEGF (mutX/mutX)) were viable and are currently 
used to study long-term dosing effects of various 
neutralizing antibodies. In addition, Mut-X ki mice 
were intercrossed with immunocompromised RAG2 
(-/-) mice to study the effects of anti-VEGF anti- 
bodies on growth of various experimental human 
tumor cell lines. Although in vitro studies clearly 
showed a correlation between binding affinity and 
potency at blocking endothelial cell proliferation 
stimulated by VEGF, in vivo experiments failed to 
document any consistent correlation between anti- 
body affinity and the ability to inhibit tumor growth 
and angiogenesis in most animal models. However, 
higher-affinity antibodies were more likely to result 
in glomerulosclerosis during long-term treatment. 
(Gerber et al, 2007) 
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22.3.2 

Paracrine and Autocrine Signaling 

Mechanisms Employed by VEGF-A 

May Be Affected Differentially by Compounds 
Interfering with Different Elements of the VEGF 
Signaling Pathway 


Genetic ablation of vegf-a in hematopoietic stem 
cells (HSC) and administration of small-molecule 
inhibitors targeting the tyrosine kinase of VEGF 
receptors in HSC both revealed the presence of an 
autocrine loop mechanism by which VEGF controls 
HSC survival. In contrast, experiments conducted 
in the presence of a ligand-blocking, soluble recep- 
tor-IgG chimeric construct did not interfere with 
such function. Combined, these findings suggested 
that inactivation of VEGF by targeting the ligand 
in the extracellular space, similar to using the neu- 
tralizing antibodies, had only minor effects on HSC 
survival and repopulation of the bone marrow after 
lethal irradiation (Gerber et al. 2002). The discrep- 
ancies between biochemical and genetic loss-of- 
function experiments suggested that the autocrine 
loop formed by VEGF in HSCs may not be affected 


Paracrine 
Fig. 22.2. VEGF’s effector functions 
on endothelial cells during pathologic 
angiogenesis is believed to be mostly 
mediated via paracrine mechanisms. 
In organs where expression of ligands 
and receptor is present on cells located 
in close proximity, such as the kidney 
glomerulus, juxtacrine mechanisms 
may potentially be in place. Co-ex- 
pression of VEGFR-1 or VEGFR-2 and 
VEGF-A was identified on several 
tumor types, including lymphomas, 
indicating the possibility for autocrine 
signaling in these tumor cells, Internal 
autocrine loops are potentially present 
in cells which are dependent on VEGF 
for certain biological functions, co-ex- 
press VEGFR-1 or -2 and administra- 
tion of ligand-blocking compounds 
has no effect on these functions 


Juxtacrine 


Autocrine 
external 
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by compounds targeting VEGF in the extracellular 
domain. These findings are characteristic for the 
presence of an internal or “private” autocrine loop 
(Gerber and Ferrara 2003). However, it is important 
to note that the internal autocrine function of VEGF 
was identified in the experimental setting of hema- 
topoietic repopulation following lethal irradiation 
in mice, and additional studies will need to be con- 
ducted in order to assess the relevance of this regu- 
latory mechanism in other models of physiological 
or pathological hematopoiesis or in humans. In ad- 
dition, some of the small-molecule inhibitors devel- 
oped to block the tyrosine kinase activity of VEGF 
receptor also block other tyrosine kinases, and some 
of them were shown to play a role during hemato- 
poiesis. Considering these limitations, a hypothesis 
can be invoked that bone marrow toxicity in re- 
sponse to anti-VEGF therapy may be less likely to 
occur when employing neutralizing antibodies that 
display high levels of selectivity towards VEGF-A 
but fail to interfere with the internal autocrine loop. 
Finally, based on the co-expression of both VEGF-A 
and VEGF receptors on a variety of cell types, au- 
tocrine effector functions of VEGF may be in place 
on a variety of cell types (Fig. 22.2), Therefore, the 
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success of therapeutic strategies targeting VEGF in 
the context of solid tumors and other diseases, in- 
cluding hematopoietic malignancies, may depend 
on the relevance of autocrine and paracrine VEGF 
effector functions in pathological and physiological 
contexts. Consequently, the therapeutic window of 
different compounds may be determined by their 
potential to interfere with VEGF’s regulatory func- 
tions that are critical for pathologic angiogenesis 
and tumor growth, while avoiding interference with 
physiologic roles in maintenance of adult tissues. 
Further investigation into the complex regulatory 
pathways engaged by VEGF during angiogenesis, 
hematopoiesis or maintenance of organ functions 
may help in the design of therapeutic strategies with 
improved therapeutic efficacies. 
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Abstract 


Vascular endothelial growth factor (VEGF) 
signalling is a key stimulant of tumour neo- 
vascular growth, survival and capillary per- 
meability, which are critical to solid tumour 
progression. The intracellular signalling re- 
sponses that induce an angiogenic phenotype 
are dependent upon VEGF binding to specific 
transmembrane receptors on the endothe- 
lium and activation of intrinsic receptor tyro- 
sine kinase activity. Attempts to inhibit this 
signalling pathway have included biophar- 
maceutical approaches that sequester ligand 
or obstruct its interaction with receptors. An 
alternative strategy is to use tyrosine kinase 
inhibitors that could potentially provide a 
more complete blockade of VEGFR signal- 
ling. These low-molecular-weight inhibitors 
can be selected with oral bioavailability and 
prepared as tablets for daily dosing, which 
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may afford greater patient convenience. This 
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activation and thereby abrogate signalling. 
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kinases, AZD2171, are used to illustrate the 
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pathological VEGF signalling, including sig- 
nificant growth inhibitory activity across a 
wide range of tumour models in vivo, The 
properties of the many inhibitors in current 
development are also reviewed with their as- 
sociated clinical findings. Whilst compounds 
with a range of pharmacological profiles have 
emerged, only inhibitors that combine high 
potency, selectivity and good pharmacoki- 
netic properties are likely to test the small- 
molecule VEGFR signalling inhibitor concept 
robustly in the clinic. 
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Vascular Endothelial Growth Factor 
Signalling in Cancer 


Vascular endothelial growth factor (VEGF)-A-in- 
duced signalling in the endothelium is viewed as 
a pivotal driver of physiological and pathological 
angiogenesis (the generation of new blood vessels 
from existing vasculature) (Ferrara 2002a). In ad- 
dition to regulating new capillary growth, VEGF-A 
can induce the mobilisation and differentiation of 
bone marrow-derived endothelial cell progenitors 
(Asahara et al. 1997; Gehling et al. 2000), is criti- 
cal to neovascular survival signalling (Benjamin et 
al. 1999), and can influence vessel maturation by 
stimulating mural cell recruitment (Yamagishi et 
al. 1999). The permeability of the endothelium can 
also be increased profoundly by VEGF-A (Dvorak 
et al, 1995), In the context of solid tumour progres- 
sion, continuous angiogenesis and maintenance 
of a hyper-permeable vascular network provides 
tumours with the oxygen and nutrients required 
for sustained, dysregulated growth, in addition to 
supplying a route for waste product removal and 
the intravasation of metastatic tumour cells. Inhi- 
bition of VEGF-A signalling is therefore a highly 
attractive target in oncology, particularly since the 
normal mature vasculature is effectively quiescent 
in the adult, with the exceptions of wound healing 
(Howdieshell et al. 2001) and cyclical ovarian func- 
tion (Plendl 2000). In contrast, VEGF-A expression 
is increased disproportionately in solid tumours by 
a number of stimuli (Shweiki et al. 1995; Laughner 
et al. 2001; Zhou et al. 2004), and VEGF receptors 
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are upregulated on angiogenic tumour vessels (Plate 
et al. 1994), Furthermore, VEGF-A expression cor- 
relates with poor clinical prognosis in many solid 
tumour types (Byrne et al. 2003; Ellis 2004; Rini 
and Small 2005; Langer and Natale 2005), suggest- 
ing that inhibition of VEGF-A signalling may have 
broad therapeutic utility. 


23.1.1 
VEGF Family Ligands and Receptors 


Members of the VEGF receptor (VEGFR) family, 
VEGFR-1 (Flt-1), VEGFR-2 (KDR) and VEGFR-3 (Flt- 
4), are structurally similar in that they consist of 
an extracellular ligand-binding region, composed of 
seven immunoglobulin-like loop domains, attached 
via a short transmembrane helix to a cytoplasmic 
catalytic domain. VEGFR-1 and -2 are primarily 
located on vascular endothelium and VEGFR-3 on 
lymphatic endothelium. These receptors have dif- 
ferential binding specificities for the VEGF ligand 
family [VEGF-A, -B, -C, -D and placental growth 
factor-1 (PIGF-1) and -2] (Fig. 23.1), with an addi- 
tional dependency upon alternative exon splicing 
or proteolytic processing of ligands (Petrova et al. 
1999). Ligand binding induces receptor homo- or 
heterodimerisation, thereby stimulating intrinsic 
receptor tyrosine kinase activity, which induces the 
regulatory autophosphorylation required for propa- 
gation of an intracellular signalling response. 
Activation of VEGFR-2 on endothelial cells is 
considered to be the major determinant of VEGF-A 
signalling, since it has been shown to be sufficient 
for transducing the mitogenic, motogenic and sur- 
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Fig. 23.1. VEGF-receptor (VEGFR) 

ligand-binding specificity and signal- ae 
ling inhibition. Dimeric ligands bind BF 

to the three outermost IgG loops in the 

extracellular domain of VEGFRs with 
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the mitogenic, motogenic and perme- `~ 
ability responses induced by VEGF-A 5! 
in endothelial cells, The dashed ovals 
represent the potential ligand-induced 
signalling responses inhibited by: (1) 
VEGF-A ligand sequestration (green), 
with a biopharmaceutical such as beva- 
cizumab; (2) inhibition of VEGFR-2 ac- 
tivation (blue), with a blocking antibody 
or a selective VEGFR-2 kinase inhibitor; 
(3) inhibition of VEGFR-1 and VEGFR-2 
activation (yellow) with an VEGFR-1/-2 
kinase inhibitor; and (4) inhibition of 
the tyrosine kinase activity associated 
with all three VEGF receptors (red) with 
a VEGFR-1/-2/-3 kinase inhibitor 


VEGFR-1 


vival signalling responses in endothelial cells, in 
addition to inducing vascular permeability (Meyer 
et al. 1999; Gille et al. 2001; Zeng et al. 2001). In con- 
trast, VEGFR-1 has comparatively weak signalling 
capacity (Waltenberger et al. 1994; Rahimi et al. 
2000; Hillman et al. 2001) and angiogenic pheno- 
types appear to have little dependency upon its acti- 
vation (Waltenberger et al. 1994). VEGFR-3 does not 
bind VEGF-A, but is the receptor for VEGF-C and 
VEGF-D. It is usually restricted to lymphatic endo- 
thelium with a critical role in lymphangiogenesis 
(Karkkainen et al. 2004), although it has also been 
found on tumour vasculature (Valtola et al. 1999) 
and recently reported on tumour cells (Garces et al. 
2006). Lymph node metastasis can be promoted by 
VEGF-C, or suppressed using VEGFR-3-specific an- 
tibodies, in preclinical models (Shimizu et al. 2004; 
Roberts et al. 2006). Furthermore, VEGF-C and -D 
have been identified as markers of poor prognosis 
in cancer patients with different tumour types (Ari- 
naga et al. 2003; Onogawa et al. 2004; Shida et al. 
2006; Jenny et al. 2006). 


— 
- æ 
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23.1.2 
Inhibiting VEGF Signal Transduction 


There are a number of distinct methods that can be 
used to try to perturb VEGF-A signalling. Biophar- 
maceutica] approaches generated for this purpose 
are focused on preventing ligand-receptor interac- 
tions. This may be achieved through ligand seques- 
tration, with an antibody to VEGF-A (Ferrara 2002b) 
or a VEGF receptor-Fc fusion construct (Holash et 
al. 2002), or by blocking the binding of VEGF-A 
to VEGFR-2 directly, using monoclonal antibodies 
to the receptor (Hunt 2001) or a VEGFR-2-binding 
adnectin (a protein based on the extracellular do- 
mains of fibronectin) (Mamluk et al. 2006), Bevaci- 
zumab (Avastin “; Genentech, South San Francisco, 
CA), a fully humanised monoclonal antibody to 
VEGF-A, is the most advanced of these approaches. 
It produced a significant increase in survival when 
combined with cytotoxic chemotherapy (irinote- 
can, 5-fluorouracil and leucovorin) in patients with 
first-line metastatic colorectal cancer (Hurwitz et 
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al. 2004), providing the first confirmatory evidence 
that inhibition of VEGF signalling can confer a sur- 
vival benefit in cancer. Significant improvement in 
overall survival has been reported in clinical stud- 
ies of bevacizumab in combination with cytotoxic 
chemotherapy in first-line advanced non-squamous 
non-small-cell lung cancer (NSCLC) (Sandler et al. 
2005), and an increase in progression-free survival 
(PFS) observed in advanced breast cancer (Miller 
et al. 2005). 

An alternative method (the subject of this re- 
view) is to use small synthetic molecules to inhibit 
VEGFR tyrosine kinase activation, thereby block- 
ing downstream intracellular signal transduction. 
There are a number of potential advantages to this 
approach, not least that an inhibitor of VEGFR-2 
tyrosine kinase has the potential for differentiated 
activity, given that it should block all signalling 
from this receptor, irrespective of the activating li- 
gand concentration or type. Since the fully mature 
forms of VEGF-C and -D can also bind to and acti- 
vate VEGFR-2 (Joukov et al. 1996a, 1996b; Achen et 
al. 1998), inhibiting these additional signalling re- 
sponses with a kinase inhibitor may conceivably of- 
fer advantages over selective VEGF-A sequestration. 
Furthermore, because of the high degree of homol- 
ogy within the VEGFR kinase domains, inhibitors 
of VEGFR-2 are frequently found to have additional 
activity versus VEGFR-1 and/or -3 tyrosine kinases. 
Whilst the contribution of signalling from VEGFR- 
1 and -3 to tumour progression is unclear, both of 
these have been reported to be expressed on some 
types of tumour cells and may contribute to reduced 
chemosensitivity, tumour progression or metastasis 
(Fan et al. 2005; Garces et al. 2006). Simultaneous 
inhibition of all VEGF receptors may therefore offer 
added therapeutic benefit. Low-molecular-weight 
inhibitors of VEGFR-2 tyrosine kinase may also have 
pharmacokinetic advantages, in that they can be se- 
lected to be orally bioavailable, preferably as a once- 
daily oral tablet for patient convenience. Chronic 
administration of a kinase inhibitor and attainment 
of steady-state plasma levels could provide more 
consistent inhibition of VEGF-A signalling than 
biopharmaceuticals (administered intravenously 
or subcutaneously), which may be more heavily in- 


fluenced by the heterogeneous haemodynamics and 
irregular vascular architecture encountered within 
solid tumours. Furthermore, the antiangiogenic and 
antivascular effects of VEGF-A signalling inhibition 
may be reversed more rapidly once dosing ofa kinase 
inhibitor is stopped, in comparison to a monoclonal 
antibody approach with a long plasma half-life (be- 
vacizumab has a plasma half-life of approximately 3 
weeks). This could be an advantage if there is a need 
to transiently avoid compromising wound healing 
(e.g. a sudden requirement for surgical interven- 
tion). Given that small molecules have potentially 
attractive features and VEGFR-2 transduces the an- 
giogenic effects of VEGF-A, inhibitors of VEGFR-2 
tyrosine kinase have been avidly sought. 


VEGFR-2 (KDR) Tyrosine Kinase: 
Structure and Function 


Cytoplasmic receptor tyrosine kinase domains are 
composed of a small N-terminal lobe, a regulatory 
activation loop and a C-terminal lobe. The kinase 
domains of the VEGFR family also contain a non- 
catalytic kinase insert, which spans 68 hydrophilic 
residues (N933 to L1000) in VEGFR-2 (McTigue et 
al. 1999), 


23.2.1 
ATP Binding 


ATP binding and phosphotransfer requires tremen- 
dous structural flexibility within the kinase domain. 
ATP binds at the hinge region at the cleft between 
the N- and C-terminal lobes. In VEGFR-2 this in- 
volves two hydrogen bonding interactions between 
the NH2 and N1 atoms of the adenine ring with, re- 
spectively, the C=O of Glu917 and the NH of Cys919 
in the kinase backbone (McTigue et al. 1999). There 
is also a requirement for magnesium cofactor to che- 
late to ATP, which aligns the phosphate residues in 
an orientation suitable for phosphotransfer. Mag- 
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nesium binding at an additional site on the kinase 
also assists catalysis (Parast et al. 1998). Transfer 
of the terminal y-phosphate of ATP to a substrate 
tyrosine residue is then mediated by transfer of hy- 
drogen from the tyrosine hydroxy] group to an in- 
variant aspartic acid residue (D1028) in the kinase 
catalytic domain (McTigue et al. 1999). Finally, the 
kinase undergoes a further conformational change 
to release the phosphorylated tyrosine residue, ADP 
and magnesium. The kinase is then available for fur- 
ther ATP/magnesium binding and catalysis, as the 
hydrogen atom bound to the aspartic acid residue 
readily dissociates into solution. 


23.2.2 
VEGFR-2 Tyrosine Kinase Activation and 
Signalling 


The events involved in VEGFR-2 kinase activation 
and signalling are shown schematically in Fig. 23.2. 
Receptor tyrosine kinase activity is regulated by 
conformational constraints that are relieved as a 
consequence of receptor dimerisation. In particular, 
a regulatory activation loop in VEGFR-2 (D1046- 
E1075) adopts a flexible disordered conformation, 
which, in a monomeric receptor, can sterically hin- 
der ATP and substrate binding to the catalytic site. 
Dimeric VEGF ligand binding to VEGFR-2 mono- 
mers and the induction of receptor dimerisation is 
followed by transphosphorylation of two tyrosine 
residues, Y1054 and Y1059, in the regulatory activa- 
tion loop of the adjoining receptor partner (Parast et 
al. 1998). When phosphorylated, these residues serve 
to stabilise the loop in a conformation that permits 
greater ATP and substrate binding, thereby increas- 
ing catalytic activity (Dougher and Terman 1999; 
Kendall et al. 1999). Phosphorylation of additional 
tyrosine residues in the intracellular VEGFR-2 do- 
main is then enhanced significantly. There are three 
other major autophosphorylation sites in VEGFR-2 
in addition to the two tyrosine residues in the acti- 
vation loop: Y951 in the kinase insert sequence and 
Y1175 and Y1214 in the C-terminal tail (Matsumoto 
et al. 2005). Phosphorylation of Y951 has been shown 
recently to induce binding of an adapter molecule 


(termed TSAd) that activates Src kinase-mediated 
migratory signalling (Matsumoto et al. 2005). Phos- 
phorylated Y1175 is considered a key epitope for 
mediating VEGF-induced proliferative signalling in 
endothelial cells. Phospholipase Cyl binds to this 
residue, becomes phosphorylated and activated, and 
subsequently induces a protein kinase C/Raf/mito- 
gen-activated protein kinase (MAPK) signalling re- 
sponse (Takahashi et al. 2001). This is in contrast to 
other receptor tyrosine kinases which utilise Ras to 
activate MAPK. The Shb adapter protein also binds 
to phosphorylated Y1175, and stimulates the phos- 
phatidylinositol-3-kinase-dependent phosphoryla- 
tion of focal adhesion kinase, thereby regulating 
stress fibre formation and migratory signalling 
(Holmqvist et al. 2004). The importance of Y1175 in 
vasculogenic VEGFR-2 signalling has been demon- 
strated via a genetic knock-in strategy, to replace the 
corresponding murine tyrosine residue with phe- 
nylalanine (Sakurai et al. 2005). This modification 
results in embryo lethality with defective endothe- 
lial and haematopoietic development: a phenotype 
comparable to that of murine VEGFR-2 (Flk-1) null 
mice (Shalaby et al. 1995). In contrast, phenylalanine 
replacement of the residue corresponding to Y1214 
in VEGFR-2 results in viable, fertile homozygous 
mice. The role of this autophosphorylation site in 
pathological signalling remains to be elucidated 
(Sakurai et al. 2005). 


23.2.3 
Inhibition of VEGFR-2 Tyrosine Kinase with 
Small-Molecule Approaches 


There are a reported 518 human kinases (Manning 
etal. 2002) that are responsible for the majority of eu- 
karyotic cellular signal transduction, which mediate 
a variety of physiological responses and homeostatic 
regulatory mechanisms. Given that kinases have a 
high degree of phylogenetic conservation within the 
structural elements that are involved in catalysis, it 
was initially assumed that developing AT P-competi- 
tive small-molecule inhibitors with any degree of 
selectivity would be impractical. However, despite 
the high catalytic homology, crystallographic meth- 
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Fig. 23.2a-d. Schematic representation of VEGFR-2 activation, a The intracellular domain of VEGFR-2 consists of the 
terminal section of the transmembrane helix (shown in pink), attached to an N-terminal lobe and C-terminal lobe, that are 
separated by a hinge region (shown in yellow) and a non-catalytic kinase insert (shown in grey). The kinase also contains 
a disordered activation loop (shown in green) that may hinder ATP binding. b Extracellular ligand stimulates receptor di- 
merisation (extracellular events and receptor binding partner not shown), relieving a number of conformational restraints 
for activation. ATP binding within the kinase hinge region leads to the phosphorylation of key tyrosine residues in the 
receptor, mediated by an aspartic acid residue in the kinase domain (inset diagram). ADP is removed and the kinase can 
bind further ATP. Phosphorylation of two tyrosines in the activation loop leads to its displacement and stabilisation away 
from the hinge region, facilitating additional ATP binding. c There are three other major phosphorylation sites in VEGFR-2: 
a tyrosine residue in the kinase insert and two in the C-terminus. d Phosphorylation of these sites serves as the stimulus for 
specific adapter molecule binding and the induction of intracellular signalling responses. See text for further details 


ods revealed that subtle differences in kinase struc- 
ture can result in markedly differentiated spatial 
features, making kinases attractive targets against 
which small-molecule inhibitors can be developed. 
In particular, a non-conserved hydrophobic region 
adjacent to the ATP-binding site that varies in size 
and shape between kinases is frequently referred 
to as the ‘selectivity pocket’, its exploitation by in- 
hibitors being a major determinant of selectivity 
(Fig. 23.3a). 

ATP-competitive VEGFR-2 kinase inhibitors gen- 
erally mimic binding of the ATP adenine ring to the 


kinase backbone and exploit further interactions 
within the selectivity pocket. For example, a pro- 
posed binding mode for many quinazoline-based 
VEGFR-2 inhibitors (based on homology model- 
ling), such as AZD2171, is the N1 of the quinazoline 
group forming a single H-bond at Cys919 on the 
kinase backbone, with the C6 and C7 substituents 
pointing towards solution space at the entrance of 
the ATP binding cleft, and binding of the fluoro-, 
methyl-indole group into an adjacent hydrophobic 
region not utilised by ATP (Fig. 23.3b). Such a mol- 
ecule has much higher binding affinity for VEGFR-2 
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than native ATP, and therefore prevents the access of 
ATP to the catalytic site. Consequently, the receptor 
cannot participate in phosphorylation-dependent 
signal transduction and is rendered functionally in- 
active while the inhibitor is bound. 


Preclinical Validation of the 
VEGEFR Tyrosine Kinase Inhibitor Approach 


AZD2171 (AstraZeneca) represents an appropriate 
example by which to illustrate the preclinical po- 
tential of a low-molecular-weight VEGF signalling 
inhibitor, given it has high potency versus VEGFR 
tyrosine kinases, good selectivity versus a wide 
range of other kinases and is suitable for once-daily 
oral dosing. 


23.3.1 
AZD2171 


AZD2171(4-[(4-fluoro-2-methyl-1H-indol- 
5-yl)oxy]-6-methoxy-7-[3-(pyrrolidin-1- 
yl)propoxyjquinazoline) inhibits the tyrosine kin- 
ase activity of all three VEGF receptors in recom- 
binant enzyme assays with IC.) values of <5 nM 
(Wedge et al. 2005). AZD2171 retains high potency 
for VEGFR-2 tyrosine kinase in human umbilical 
vein endothelial cells (HUVEC), inhibiting receptor 
phosphorylation with an IC;, of 0.5 nM. Similarly, 
in phenotypic cell assays, AZD2171 prevents VEGF- 
driven HUVEC proliferation with an IC; of 0.4 nM, 
and inhibits tubule branching, area and length in 
an in vitro HUVEC/fibroblast angiogenesis model, 
with IC; values of $0.2 nM. In contrast, AZD2171 
is not likely to inhibit the proliferation of tumour 
cells directly in vivo at the doses examined in hu- 
man tumour xenograft experiments: concentrations 
of 3-7.5 uM are required to inhibit tumour cell line 
proliferation in vitro (between 7,500 and 18,500 
times greater than is needed to similarly inhibit 
VEGF-induced HUVEC proliferation). This margin 


can be attributed to the high degree of selectivity 
that this compound has for inhibition of VEGFR 
signalling versus a range of other kinases (Wedge 
et al. 2005). Malignancies driven by aberrant stem 
cell factor receptor (c-Kit) signalling, such as gastro- 
intestinal stromal tumours (GIST) or acute myeloid 
leukaemia, are an exception, since AZD2171 also 
inhibits c-Kit tyrosine kinase activity in cells with 
an IC; of $0.2 nM (Jiirgensmeier et al. 2005). 


23.3.2 
Inhibition of Physiological VEGF Signalling 


Although physiological angiogenesis is limited in 
healthy adult animals, there are anumber of preclin- 
ical settings in which the consequences of inhibiting 
VEGF-A signalling can be examined. 

Whilst growth plates are closed in adults, VEGF-A 
signalling has a major regulatory role in bone mor- 
phogenesis during growth. Expression of VEGF-A by 
hypertrophic chondrocytes in long bones stimulates 
vascular invasion of the metaphyseal growth plate 
(Horner et al. 1999; Hall et al. 2006), which is required 
to induce terminal chondrocyte differentiation and 
apoptosis. VEGF-A also regulates osteoclast and os- 
teoblast activity directly (Nakagawa et al. 2000; Mayr- 
Wohlfart et al. 2002). This complex, orchestrated 
regulation of multiple cell types is critical to permit 
the formation of endochondral bone from expanding 
cartilage at the head of the bone shaft. Specific seques- 
tration of VEGF-A with an antibody (Ryan et al. 1999) 
or a soluble receptor construct (Gerber et al. 1999) has 
beenshowntopreventthe ossification of growingbone, 
leading to expansion of the hypertrophic chondro- 
cyte zone. This phenotype has also been induced by 
conditional knockout of VEGF-A in cartilage (Haigh 
et al. 2000). Consistent with potent inhibition of 
VEGF signalling in vivo, once-daily oral administra- 
tion of AZD2171 to growing rats (6 weeks of age) for 
28 days also induces a comparable growth plate dys- 
plasia, which can be reversed completely following an 
equivalent period of AZD2171 withdrawal (Wedge et 
al. 2005). 

Cyclical formation of corpora lutea in the ovary 
is also highly dependent upon VEGF-A signalling to 
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Fig. 23.3a-c. VEGFR-2 kinase inhibition, a Schematic representa- 
tion of ATP binding by a hydrogen bonding interaction to the hinge 
region (shown in yellow) of VEGFR-2 kinase, between the N- and 
C-terminal lobes. b A tyrosine kinase inhibitor may achieve a more 
potent and selective binding interaction with the VEGFR-2 kinase 
domain, by exploiting other structural features within the kinase 
that are not used by ATP. The schematic shows the quinazoline core 
of AZD2171 hydrogen bonding to the hinge region of the kinase, 
thereby preventing ATP binding. The fluoro-, methyl-indole group 
picks up additional interactions with an adjacent hydrophobic re- 
gion in the kinase. c Modelling approach to show AZD2171 docked 
into the kinase domain of VEGFR-2 (apo-enzyme structure, activa- 
tion loop omitted; McTigue et al. 1999), (Courtesy of Dr Christine 


induce rapid blood vessel growth and meet the oxy- 
gen and nutrient demands of the developing follicle. 
Chronic once-daily oral administration of AZD2171 
(5 mg/kg/day) has been shown to restrain luteal de- 
velopment in the ovaries of rats (Wedge et al. 2005). 
Similar effects have been documented in mice using 
a soluble VEGF-A receptor construct (Ferrara et al. 
1998), and in primate using antibody approaches to 
either sequester VEGF-A (Ryan et al. 1999) or block 
VEGF ligand binding to VEGFR-2 (Zimmermann et 
al. 2002). 

VEGF-A signalling also has a homeostatic role 
in the maintenance of blood pressure, via its va- 
sodilatory properties. Accordingly, approaches 
that inhibit VEGF-A signalling, including bevaci- 
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zumab, have been found to induce hypertension in 
man. Using conscious, unrestrained, radioteleme- 
tered rats, oral administration of 0.1-1 mg/kg/day 
AZD2171 for 3 days produced a mild hypertensive 
effect (+10 mmHg). Administration of 3 mg/kg/ 
day AZD2171 for 3 days overcame homeostatic 
blood pressure regulation and induced a more 
marked hypertensive change of 35-50 mmHg 
(Curwen et al. 2005). Encouragingly, the marked 
hypertensive change was reversed with nifedip- 
ine, a direct vasodilator, and co-administration of 
this antihypertensive agent did not impact nega- 
tively upon the antitumour activity of AZD2171 in 
a human tumour xenograft model in rat (Curwen 
et al. 2005). 
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23.3.3 
Inhibition of Pathological VEGF Signalling in 
Model Systems 


The Matrigel plug assay is a recognised method 
for examining antiangiogenic activity directly in 
vivo (Akhtar et al. 2002). In this assay, angiogenic 
factors such as VEGF-A are introduced into liquid 
Matrigel, which, after subcutaneous injection into 
mice, solidifies and supports penetration by host 
endothelial cells, leading to new blood vessel forma- 
tion. VEGF-A-induced vessel formation over an 8- 
day period can be observed macroscopically and in 
immunofluorescent images after CD31 staining for 
microvessels. Consistent with inhibition of VEGF-A 
signalling and angiogenesis, once-daily oral admin- 
istration of AZD2171 for 8 days completely abolished 
VEGF-A-induced vessel formation in Matrigel plugs 
(Wedge et al. 2005) (Fig. 23.4a, b). 

In addition to its ability to induce angiogenesis, 
VEGF-A plays a key role in neovascular survival, 
and fragile, newlyformed vasculature within tu- 
mours is critically dependent on VEGFR signalling 
(Liu et al. 2002). In a Calu-6 lung xenograft model, 
once-daily oral dosing of AZD2171 (6 mg/kg) for 3 
weeks inhibited tumour growth by >60% (Wedge 
et al. 2005). Immunohistochemical analysis of mi- 
crovessel density (MVD; CD31 staining) in tumours 
revealed that after just over 2 days of treatment 
(three doses; last dose 4 h before sampling), a reduc- 
tion in vessel number of 47% (normalised to area) 
was observed, increasing to a reduction of >70% 
by day 21 with continued daily dosing (Fig. 23.4c) 
(Wedge et al. 2005). While the vessel number nor- 
malised to area remained constant in control tu- 
mours, irrespective of tumour volume or time, the 
relatively rapid reduction in vessel density observed 
in tumours from treated animals indicates that 
AZD2171 can cause vascular regression. These find- 
ings are consistent with potent inhibition of VEGF-A 
signalling and a direct effect of AZD2171 on tumour 
endothelium. Similar effects have been shown using 
a VEGFR Fc-fusion construct, VEGF-trap, and an 
anti-VEGFR-2 antibody in human tumour xenograft 
and transgenic models (Kim et al. 2002; Inai et al. 


2004; Kiessling et al. 2004). The potent antivascular 
action observed with these inhibitors suggests that 
VEGF signalling inhibitors can do more than simply 
inhibit new vessel growth. 

VEGF-A also greatly enhances the permeability 
of tumour endothelium via VEGFR-2 activation and 
increases vasodilation (Bates et al. 1999). Blood ves- 
sels that result from pathological angiogenesis, in- 
cluding those in solid tumours, are comparatively 
dilated, hyper-permeable, and have a tortuous ar- 
chitecture (Jain 2003). These abnormal functional 
and structural features are frequently attributed 
to the effect of VEGF-A, which was also termed 
‘vascular permeability factor' because of its pro- 
found permeabilising effect on vasculature (Dvorak 
et al. 1995), Since relatively acute changes in tumour 
haemodynamic parameters may conceivably result 
from inhibition of VEGF-A signalling, dynamic 
contrast-enhanced magnetic resonance imaging 
(DCE-MRI) has been used to examine the effects 
of VEGF-A signalling inhibitors, both preclinically 
(Drevs et al. 2002; Checkley et al. 2003; Bradley 
et al. 2007) and clinically (Morgan et al. 2003; Drevs 
et al. 2007). Using a macromolecular contrast agent 
(gadomelitol) to examine human SW620 colorectal 
tumour xenografts in nude rat, administration of 
two doses of AZD2171 (3 mg/kg at 0 h and 22 h; im- 
aging at 24 h) was found to reduce the mean permea- 
bility surface area product per unit volume of tissue 
by 80% and the fractional plasma volume by nearly 
70% (Bradley et al. 2007). This dose of AZD2171 in- 
hibits growth of SW620 xenografts in nude rat by 
89% when administered chronically, once daily, for 
21 days. Significantly reduced uptake of the contrast 
agent gadopentetate has also been observed using 
MRI in the liver metastases of patients treated with 
AZD2171 (Drevs et al. 2007; Chap. 37 in this book). 


23.3.4 
Inhibition of Tumour Growth 


That inhibition of VEGFR signalling by AZD2171 
compromises tumour growth significantly has been 
demonstrated in a wide range of preclinical tumour 
models. 
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Matrigel 


Control 


AZD2171 (day 1) 


Matrigel + VEGF + AZD2171 


AZD2171 (day 14) 


Fig. 23.4a-c. Inhibition of experimental and pathological angiogenesis by VEGFR-2 tyrosine kinase inhibition. Matrigel 
plugs containing VEGF elicit an angiogenic response over an 8-day period when implanted subcutaneously in mice. Oral 
administration of AZD2171 (6 mg/kg/day) for the duration of implantation abolishes the VEGF-induced angiogenesis. a 
Representative plug retrieved at day 8. b Immunofluorescent images of vascular CD31 (platelet/endothelial cell adhesion 
molecule 1) staining (red is CD31 staining and blue is a DAPI counterstain). A highly significant reduction in vessel density 
is also observed in Calu-6 human lung tumour xenografts grown in nude mice, following chronic AZD2171 treatment (6 mg/ 
kg/day) for 2 weeks. c Immunofluorescent images of representative sections from control tumours or those treated with 
AZD2171 (green is CD31 and blue a DAPI counterstain). All images adapted with permission from Wedge et al. (2005) 


23.3.4.1 
Tumour Xenografts 


Chronic once-daily oral administration of AZD2171 
to nude mice dose-dependently inhibited the growth 
of established human tumour xenografts of histo- 
logically distinct origin (colon, lung, breast, ovar- 
ian and prostate) (Wedge et al. 2005) (Fig. 23.5).Ad- 
ministration of 1.5 mg/kg/day AZD2171 produced a 


statistically significant inhibition of tumour growth 
in each model, and 6 mg/kg/day of AZD2171 (24-28 
days continuous dosing) inhibited their growth by 
>90% (Wedge et al. 2005). AZD2171 also demon- 
strated good inhibition of tumour growth in further 
studies in vulval, glial, gastric, and head and neck 
xenograft models (Wedge et al. 2004; Bozec et al. 
2006; Takeda et al. 2006) and again demonstrated 
good inhibition of tumour growth. This broad- 
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spectrum activity is consistent with an inhibition 
of VEGER signalling and an effect on tumour vas- 
culature rather than a direct antiproliferative effect 
on tumour cells. 


23.3.4.2 
Orthotopic Tumour Models 


Tumour xenografts are routinely implanted into a 
subcutaneous site, which is easily accessible and per- 
mits the sequential assessment of tumour growth by 
calliper measurement. However, orthotopic implan- 
tation of tumours (i.e. implantation into the tissue 
of histological origin) has been proposed to repre- 
sent a more clinically relevant tumour model, since 


this has been found to more accurately replicate tu- 
mour-host interactions and can significantly influ- 
ence the neovascular architecture and functionality 
(Fukumura et al. 1997; Suggitt and Bibby 2005). 

In an orthotopic human lung adenocarcinoma 
model (NCI-H441), which closely mimics the patterns 
of growth and metastasis observed in man, once- 
daily oral dosing of AZD2171 (6 mg/kg) suppressed 
tumour growth and pleural effusion significantly, a 
finding which was accompanied by a marked reduc- 
tion in MVD (Wu et al. 2005). In orthotopic breast 
tumours, AZD2171 similarly inhibited growth of 
established MCF-7 tumours and induced regression 
in VEGF-transfected MCF-7 tumours (Miller et al. 
2006). AZD2171 has also been shown to inhibit the 
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Fig. 23.5. VEGFR-2 tyrosine kinase inhibition confers broad-spectrum antitumour activity in tumour xenograft models. 
Human tumour xenografts of diverse histological origin were established (0.1-0.5 cm? volume) in nude mice and treated 
orally, once daily, with AZD2171 (0.7-6 mg/kg/day) or vehicle [a 1% (w/v) solution of polyoxyethylene (20) sorbitan mono- 
oleate in deionised water]. AZD2171 inhibited the growth of each tumour, dose-dependently, with >90% inhibition being 
evident in each model following 24-28 days of treatment at 6 mg/kg/day 
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growth of an orthotopically implanted metastasiz- 
ing murine renal cell carcinoma (RENCA) model, 
with a corresponding reduction in tumour MVD 
and number of lung metastases formed (Drevs et al. 
2004). 


23.3.4.3 
Transgenic and Spontaneous Tumour Models 


Transgenic tumour models are of interest since tu- 
mour development occurs in situ, enabling thera- 
peutic intervention to be examined at relatively 
early, and more advanced, stages of disease (Suggitt 
and Bibby 2005). However, their use is challenging, 
as tumour developmentis asynchronous and therate 
of tumour development is typically slow. AZD2171 
has been examined in transgenic MMTVneu mice 
(Klinowska et al. 2004), which express an activated 
form of the rat neu (erbB2) oncogene under the 
control of the MMTV promoter (Muller et al. 1988). 
After two pregnancies these mice spontaneously 
develop multiple tumours within each mammary 
gland. AZD2171 was administered to MMTVneu 
transgenic mice using two alternative dosing pro- 
tocols. To examine the impact of treatment on the 
development of early lesions, animals were dosed 
from 14 to 19 weeks of age with AZD2171 (0.75- 
6 mg/kg/day). Treatment with AZD2171 reduced 
total tumour burden in the mammary glands, but 
did not influence the number of tumour foci. This 
restriction of tumour growth, but not of formation 
of tumour foci, is consistent with an antiangiogenic 
mechanism of action. In well-established tumours, 
AZD217]1 treatment again inhibited tumour growth 
dose-dependently, but doses of 3 and 6 mg/kg/day 
were found to induce marked tumour regression 
compared to the pre-treatment tumour volume of 
20.4 cm°. 

AZD2171 has also been studied in a mouse model 
of multiple intestinal neoplasia (Apc™'"’*), These 
mice inherit a mutant copy of the adenomatous pol- 
yposis coli (APC) gene and develop numerous be- 
nign polyps in the gastrointestinal (GI) tract follow- 
ing loss heterozygosity of APC in GI epithelial cells 
(Goodlad et al. 2006). The mutation in APC is analo- 
gous to that in patients with familial adenomatous 


polyposis (FAP), although mutations in APC have 
also been described in many sporadic colorectal 
cancers. AZD2171 significantly reduced the number 
and size of polyps in the early stage of polyp forma- 
tion. In 6-week-old mice, AZD2171 reduced polyp 
number in the small bowel and colon by 46% and 
62%, respectively and reduced mean tumour burden 
(the product of polyp number and volume) in the 
small bowel by 85%. In 10-week-old mice, AZD2171 
did not alter polyp number in the small bowel, but 
reduced polyp diameter, resulting in a 46% decrease 
in tumour burden, again consistent with an antian- 
giogenic mechanism of action. These results suggest 
that VEGFR signalling plays a key role in the devel- 
opment of intestinal adenomas, and that inhibiting 
this activity can reduce tumour burden. 

Collectively the preclinical data generated with 
AZD2171 (once-daily oral dosing) indicate that a 
VEGFR tyrosine kinase inhibitor is an effective 
method for constraining physiological and patho- 
logical VEGF-A signalling in vivo. As a consequence 
of the inhibition of VEGFR signalling, angiogen- 
esis, neovascular survival and tumour growth are 
inhibited, irrespective of the tumour origin or site 
of growth. 


Clinical Development of VEGFR Tyrosine 
Kinase Inhibitors 


23.4.1 
Optimal Criteria for a VEGFR Tyrosine Kinase 
Inhibitor 


A multidisciplinary effort containing a highly 
skilled medicinal chemistry component is required 
to determine whether an appropriate balance of fea- 
tures can be found in one molecule, that can then 
be considered worthy of investigation in man as a 
potential therapeutic agent. A number of key criteria 
need to be considered in the selection of a VEGFR 
kinase inhibitor: 
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e Potency 
High potency against VEGFR-2 tyrosine kinase in 
endothelial cells should help to reduce the total 
dose of compound that has to be administered to 
inhibit VEGF-A signalling. Consequently, a small 
molecule for oral therapy can be manufactured as 
a comparatively small tablet, making it easier to 
swallow and potentially reducing variability in its 
dissolution and absorption characteristics. High 
potency may also accompany improved selectiv- 
ity (see following bullet point on selectivity), as 
binding against the VEGFR-2 catalytic domain is 
optimised preferentially. 

Selectivity 
One of the perceived benefits of targeting the tu- 
mour vasculature is minimal toxicity to the host, 
given the paucity of physiological angiogenesis in 
healthy adults. It can therefore be argued that a 
VEGEFR inhibitor must have its primary pharmaco- 
logical activity against VEGFR-2 tyrosine kinase, 
in order to achieve robust or maximal inhibition 
of this target at well-tolerated doses. Additional ac- 
tivity against many different kinases, or unrelated 
(i.e. non-kinase) targets, may have undesired toxic 
consequences and potentially limit the dose or 
schedule of compound administration. An added 
concern is that a broad inhibitory profile may limit 
a compound’s suitability for combination with cy- 
totoxic chemotherapy, a foundation of cancer treat- 
ment, particularly if there are overlapping toxicity 
profiles (e.g. myelosuppression). However, it can 
also be argued that if the inhibitor has additional 
activity versus one or two select kinases that are 
also important in tumour progression, this may 
benefit the overall therapeutic profile (e.g. the addi- 
tional activity of ZD6474 against epidermal growth 
factor receptor (EGFR) and RET tyrosine kinases). 
This is still an area of much controversy (Arteaga 
2003), with a number of VEGER kinase inhibitors in 
the field reportedly having activity against a spec- 
trum of kinases (Table 23.1). 

è Physical properties 
Identifying inhibitors with good physical proper- 
ties can be challenging given that the VEGFR-2 
kinase domain represents a hydrophobic target, 
and molecules best placed to exploit lipophilic in- 


teractions are less likely to have good ‘drug-like’ 
characteristics (e.g. high aqueous solubility or ap- 
preciable free plasma levels). Poor physical prop- 
erties can hinder oral bioavailability significantly. 
Consequently, it may be necessary to examine an 
appropriate salt form, or investigate a prodrug 
version of the compound, in an attempt to miti- 
gate such limitations. 
e Pharmacokinetics 

Pharmacokinetics is a term that describes drug 
residence in vivo, dictated by the absorption, dis- 
tribution, metabolism and elimination character- 
istics of a molecule. 


Data from preclinical tumour models with 
VEGFR signalling inhibitors suggests that pro- 
longed plasma exposure is required for continual 
constraint of angiogenesis, to deliver maximal inhi- 
bition of tumour growth (Wedge et al. 2000). To be 
compatible with oral administration, therefore, the 
inhibitor should attain pharmacologically relevant 
plasma levels that are maintained for the duration of 
the dosing interval, with a relatively small ratio be- 
tween the maximum and minimum plasma concen- 
trations. Ideally this should be achieved following 
once-daily dosing, not only for patient convenience 
but to facilitate increased compliance. The inhibi- 
tor should also produce a proportionally greater ex- 
posure with increasing dose, and not interfere with 
major drug elimination pathways (e.g. inhibition 
of liver cytochrome P450 isoforms) that could lead 
to adverse drug reactions with concomitant medi- 
cation. Furthermore, the compound should not in- 
crease the level of liver enzymes involved in its own 
elimination (a process termed autoinduction), since 
its plasma exposure may be diminished significantly 
during chronic administration. 


23.4.2 
VEGFR Tyrosine Kinase Inhibitors in 
Current Clinical Development 


A large number of VEGFR kinase inhibitors have 
been described using divergent structural templates, 
with a range of potencies, physical properties and 
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pharmacokinetics. These may be categorised on the 
basis of their reported selectivity against kinases. 
Inhibitors of the VEGFR tyrosine kinases demon- 
strate varying degrees of selectivity for members of 
the platelet-derived growth factor receptor (PDGFR) 
tyrosine kinase family (Table 23.1). This is perhaps 
not surprising given that that the PDGFR family of 
tyrosine kinases contain significant structural ho- 
mology with VEGFR-1, -2 and -3, including the pres- 
ence ofanon-catalytic insert in their tyrosine kinase 
domain. The PDGFR family consists of PDGFR-o 
and -B, c-Kit, the colony-stimulating factor 1 re- 
ceptor (CSF-1R) and the Fms-like tyrosine kinase-3 
(Flt-3). 

VEGEFER tyrosine kinase inhibitors have also been 
described with additional activity versus the fibro- 
blast growth factor receptors (FGFR), the erbB fam- 
ily of receptors, the cytoplasmic Raf kinases and the 
cyclin-dependent kinases. In general, the more se- 
lective VEGFR tyrosine kinase inhibitors would be 
expected to be well tolerated, particularly for a can- 
cer therapy, the most common adverse effect being 
the induction of hypertension (a consequence of in- 
hibiting VEGF-A-induced vasodilation), with some 
incidence of fatigue, headache and diarrhoea. 


23.4.2.1 
Selective VEGFR Tyrosine Kinase Inhibitors 
(+ c-Kit Activity) 


A number of the clinically advanced and selective 
VEGFR tyrosine kinase inhibitors also appear to 
have some activity against c-Kit tyrosine kinase. 
However, activity against c-Kit does not appear to 
impart any major tolerability issues, and may confer 
added therapeutic benefit in c-Kit-dependent ma- 
lignancies. VEGEFR inhibitors with a comparatively 
selective profile are summarised in Table 23.1(a). 
Vatalanib (PTK787; Novartis), a phthalazine de- 
rivative, was one of the first VEGFR kinase inhibi- 
tors to enter clinical development. Although widely 
referred to as an inhibitor of VEGFR-1 and -2 tyro- 
sine kinase with additional activity against c-Kit 
and PDGFR-B, it demonstrates appreciable selectiv- 
ity against the latter two kinases (Wood et al. 2000). 
DCE-MRI detected changes in contrast uptake by 


liver metastases following vatalanib treatment of 
patients with colon cancer (Morgan et al. 2003). 
Elevated plasma VEGF (Drevs et al. 2005) was also 
observed during the first 28-day cycle of treatment. 
However, vatalanib had a short plasma half-life in 
man (2-6 h) and when dosed once daily (at 21000 mg 
using 250-mg tablets) induced light-headedness 
with reports of ataxia, presumably attributable to 
a rapid high peak plasma concentration 1-2 h after 
dosing (Thomas et al. 2005). The pharmacokinetic 
profile of this compound was further compromised 
by hepatic autoinduction, thought to be mediated 
by the CYP3A4 isozyme, which, following chronic 
vatalanib administration for 28 days, resulted in 
30-40% lower exposure (area under the curve) than 
at day 1 (Morgan et al. 2003; Thomas et al. 2005). 
Nonetheless, vatalanib progressed to phase III trials 
in colorectal cancer in combination with 5-fluoro- 
uracil/leucovorin/oxaliplatin (FOLFOX4) but failed 
to meet the PFS endpoint, although there was a trend 
towards improved PFS with vatalanib/FOLFOX 
compared with the FOLFOX arm of the trial (Hecht 
et al. 2005). This limited activity may be a conse- 
quence of the compound's pharmacokinetic profile, 
and emphasises the need to identify compounds 
with consistent, sustained exposure at therapeutic 
concentrations, or the need to exploit multiple daily 
dosing schedules. 

Of the more selective VEGFR kinase inhibitors, 
AZD2171 (AstraZeneca) combines high potency with 
particularly desirable pharmacokinetic features: 
a plasma half-life of approximately 20h is evident 
in man following administration of AZD2171, ne- 
cessitating only once-daily dosing. The compound 
produces dose-dependent increases in plasma expo- 
sure, and there is no evidence of autoinduction or al- 
tered clearance upon chronic administration (Drevs 
et al. 2007). AZD2171 also produced highly signifi- 
cant changes in DCE-MRI changes in liver metasta- 
ses (up to 80% reduction in contrast agent uptake), 
and time- and dose-dependent reductions in soluble 
VEGFR-2 circulating in plasma. In a phase I mono- 
therapy trial once-daily oral dosing of AZD2171 up 
to 45 mg was generally well tolerated, with doses 
>20 mg showing encouraging signs of antitumour 
activity. Preliminary evidence of efficacy included 
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Table 23.1. VEGFR tyrosine kinase inhibitors in clinical development 


Name! Phase? Structure Relative? Selectivity Human PK 
(Company) potency profile! 


(a) Selective VEGFR tyrosine kinase inhibitors (+/- c-Kit activity) 


Vatalanib II Cc B VEGFR t2 = 2-6 h Wood 
PTK787 me: (1, 2) q.d. et al. 2000; 
(Novartis) Ln (21000 mg/d) Morgan 
Si et al. 2003 
Ch 
AZD2171 I/II +e A VEGFR t2 ~ 20h Wedge 
(Astra Q (1, 2, 3) qd. et al. 2005; 
Zeneca) Q c-kit (30-45 mg/d) Drevs 
Mo Sy F et al. 2007 
AMG-706 Il B VEGFR t2 =5-7h Polverino 
(Amgen) (1, 2, 3) q.d. et al. 2006; 
HN N c-kit (125 mg)/b.i.d. Herbst 
aro et al. 2004 
n^n” 
D 
IYN 
CEP-7055 II H 6 B VEGFR b.i.d./t.i.d. Ruggeri 
(Cephalon) Eo (1, 2, 3) et al, 2003 
( c-kit 
saree 
Sea 
o 
E7080 I Ho? NS A VEGFR - Matsui 
(Eisai) HN y (1,2, 3) et al. 2003 


Sunitinib Approved ¢ B VEGFR th=60h Mendel 
$U11248 for GIST o NY (1, 2, 3) q.d. et al. 2003; 
(Pfizer) and RCC N c-Kit (50 mg/d; O'Farrell 
7 \ PDGFRa/B 3 weeks on, et al. 2003; 
F l N CSF-1R 1 week off) Bello 
oe Flt-3 et al 2005; 
H 
Axitinib II A VEGFR t% = 2-5h Wickman 
AG-013736 (1, 2, 3) bid. et al 2003; 
(Pfizer) PDGFRB (fasted) Rugo 
c-Kit (5 mg) et al. 2005 
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Name! Phase? Structure Relative? Selectivity Human PK Refs 
(Company) potency profilet 
Pazopanib II B VEGFR th ~ 35h Suttle 
GW-786034 (1, 2, 3) q.d. et al. 2004; 
(Glaxo-Wel- PDGFRo/B (800-2000 mg) Hurwitz 
come) c-Kit et al. 2005; 
Kumar 
et al 2005 
$U14813 Tl B VEGER (1, 2) t% = 13-23 h Patyna 
(Pfizer) PDGFRa/B q.d. et al 2006; 
c-Kit (200 mg; Fiedler 
Fit-3 4 weeks on, et al. 2005 
CSF-1R 1 week off) 
Telatinib I/II cl B VEGFR th =5-12h Chang 
BAY 57-9352 LY (2,3) c-Kit bid. et al. 2005; 
(Bayer) HN PDGFRB (1800 mg) Strumberg 
or et al. 2006 
o7" a N 
oO A Nec, 
fe) 
KRN-951 I ct A VEGR ` Nakamura 
(AV-951: A L (1,2,3) c-kit et al, 2006 
Kirin Brew- _ ae PDGFRB 
ery and 4 7° FS 
AVEO phar- N o ye 
maceuticals) Pp 
ABT-869 I CH, NaH A VEGFR(1, 2), th=16h Albert 
(Abbott) Q HN PDGERB q.d. et al 2005; 
fo) 
CSF-1R (10mg) Goh 
F ty À Fit-3 et al, 2006 
c-Kit 
OSI-930 I PS y B VEGFR(1, 2) qd. Garton 
(OSI) oN c-Kit et al. 2006 
N o Q CSF-1R, 
= o PDGERB 
` 
N rfr 


CP-547,632 II Br. B VEGFR-2, t% = 29h Beebe 


(Pfizer) F FGFR1 q.d. et al. 2003; 
o a (<300mg) Tolcher 
me o? 3 et al. 2002 
Ng yaa 
H H 
BIBF-1120 iJ Indolinone derivative B VEGFR t% ~ 15h Hilberg 
(Boehringer Full structure undisclosed (1, 2, 3) q.d. et al. 2004; 
Ingelheim) PDGFRa/B, (250 mg) Mross 


FGFR-1 et al. 2004 
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Name! Phase? Structure Relative? Selectivity Human PK* Refs 
(Company) potency profilet 
BMS 582664 I aN B VEGFR(1, 2) - Fargnoli 
(Bristol Oo- FGFR-1 et al. 2005 
Myers ” 9 y 
Squibb) oe yon 
o N NH 
NH, 
CHIR-258 I PE B x Lee 
(TKI-258; Or" {n= et al. 2005; 
: ` noH 
Novartis/ \ 2G s Sarker 
Chiron F et al. 2006 
Corp.) 
ZD6474 II + ODS F Br B VEGER (2, 3) t%=120h Wedge 
Zactima™ in thyroid wel RET q.d. l et al. 2002; 
(AstraZen- MeO: L EGFR (100-300 mg) Carlomagno 
eca) 5 et al. 2002 
oer 
UN 
AEE-788 II i C EGFR q.d. Traxler 
(Novartis) 4 4 ErbB2 (< 400mg) et al. 2004; 
N A VEGFR(1, 2) Reardon 
it et al. 2005 


(e) VEGER tyrosine kinase inhibitors with additional activity versus Raf kinases 


BAY 43-9006 Approved KNA o OAS B VEGFR(2, 3) tA ~ 20-38 h Wilhelm 

Sorafenib in RCC DEER G PDGFRB bid. et al. 2004; 

(Bayer/ Pom CONHCH, C and B-Raf (800 mg) Clark 

Onyx) Fit-3, et al. 2005 
c-Kit 

CHR-265 I CF, CF, Cc C and B-Raf - Renhow 

(Novartis/ O yS VEGFR2 et al. 2006 

Chiron on aN PDGFRB 

Corp.) i eas ZN c-Kit 


ZK-304709 I Structure not disclosed B VEGFR (1, 2, 3) - Siemester 
(Bayer PDGFRB et al. 2005 
Schering CDK(2,1,4) 

Pharma AG) 


' Ranked in order of Phase of development, then potency versus VEGFR-2, selectivity and pharmacokinetics. * Highest reported phase of 
clinical development. GIST; Gastrointestinal stromal tumour. RCC; renal cell cancer. ODD; orphan drug designation. ? Relative potency 
versus VEGFR-2 tyrosine kinase in cells (VEGFR-2 phosphorylation or VEGF-induced HUVEC proliferation) from literature values (A: 
0.5 to $5 nM; B: 5 to 50 nM; C: >50nM), For the majority of compounds, a good correlation exists between values generated against both 
parameters. * Based on reported selectivity in literature. > t/2= plasma half-life in man following a single dose. q.d. = dosed once-daily, 
b.id. = dosed twice-daily, t.i.d. = dosed three times per day, (total daily dose) 
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22 reports of stable disease and two confirmed par- 
tial responses, in 63 evaluable patients with a vari- 
ety of advanced solid tumour types. The effects on 
tumour size appeared to be dose related (Drevs et 
al. 2007). 

AZD2171 has also been shown to rapidly inhibit 
vasogenic brain oedema in patients with recurrent 
glioblastoma, leading to reduced corticosteroid us- 
age (Batchelor et al. 2007). Phase II/III trials are cur- 
rently underway in a number of tumour types. 

Less potent compounds with reportedly similar 
selectivity include AMG-706 (Amgen) (Herbst et al. 
2004; Polverino et al. 2006) and CEP-7055 (Ruggeri 
et al. 2003). AMG-706 has a plasma half-life of 4-7 h 
in man (Herbst et al. 2004) and is being examined 
with different dosing schedules (Rosen et al. 2005). 
In a phase I study in patients with advanced solid 
tumours refractory to standard therapy, some stable 
disease and partial responses were reported (Herbst 
et al. 2004; Rosen et al. 2005). AMG706 is now being 
examined in phase II trials. CEP-7055 (Cephalon) 
is an N,N-dimethyl glycine ester prodrug of CEP- 
5214 (Ruggeri et al. 2003) and is used to increase the 
oral bioavailability of the latter, although this is still 
reportedly low in mice (15%). The relationship be- 
tween dose and plasma exposure for CEP-5214 was 
approximately linear between 10 and 40 mg twice 
daily, but appeared to plateau at 80 and 120 mg twice 
daily in a phase I study (Pili et al. 2003). 


23.4.2.2 
VEGFR Tyrosine Kinase Inhibitors with 
Additional Activity Versus POGFR Kinases 


A combination of activity against VEGFR and 
PDGFR-B signalling has been proposed as a po- 
tentially interesting therapeutic profile, given that 
simultaneous targeting of the latter may help to 
destabilise pericyte-endothelial cell interactions. 
A significant proportion of this hypothesis stems 
from preclinical experiments conducted in trans- 
genic Rip-Tag mice, which develop pancreatic islet 
tumours (Bergers et al. 2003). However, VEGF se- 
questration alone has been also found to exert highly 
significant antitumour activity in this model (Inai 
et al. 2004), and it is unclear whether in the clinical 


setting, chronic inhibition of PDGFR-B signalling 
is required in the presence of marked VEGF inhibi- 
tion. 

VEGFR kinase inhibitors are shown in Ta- 
ble 23.1(b). Of those VEGFR tyrosine kinase inhibi- 
tors with claimed selectivity for PDGFR versus the 
other PDGFR family members, axitinib (AG-013736; 
Pfizer Inc.) has demonstrated significant DCE-MRI 
changes in a phase I study in patients with advanced 
solid tumours (Liu et al. 2005) and yielded encour- 
aging phase II data in second-line renal cell carci- 
noma (RCC) (Rini and Small 2005). RCC may have 
a particular sensitivity to VEGF-signalling inhibi- 
tors, given that mutations in the von Hippel-Lin- 
dau (VHL) tumour suppressor gene are common 
in this disease and result in VEGF over-expression 
(Rini and Small 2005). However, axitinib has a short 
plasma half-life, necessitating twice-daily dosing, 
and pharmacokinetic interactions with CYP3A in- 
hibitors and food have been reported, the latter ne- 
cessitating fasting prior to dosing (Rugo et al. 2005). 
In addition to hypertension, the phase I safety profile 
of axitinib included haemoptysis, thromboembo- 
lism, skin rash, stomatitis and increased liver trans- 
aminases. Pazopanib (GW-786034; GSK), a tyrosine 
kinase inhibitor of VEGFR-1,-2 and -3, PDGFR-o 
and -B, and c-Kit, also reported tumour shrink- 
age in three patients with RCC treated at >800 mg 
during phase I and some incidence of hypertension 
(Hurwitz et al. 2005). However, the characteristics of 
this compound are such that its absorption is satu- 
rated at doses of 800 mg, there being little evidence 
of increased exposure at doses of 2000 mg; this may 
limit its future potential. 

Of compounds with broad activity, the most ad- 
vanced is sunitinib (SU11248; Pfizer Inc.), which was 
approved for use in two indications during early 
2006. The first of these is for the treatment of GIST 
patients who are intolerant of imatinib (Glivec™) 
or who have progressed during imatinib treatment 
(Demetri et al. 2006). This activity is most likely to 
be attributable to sunitinib's inhibition of c-Kit ty- 
rosine kinase, since it has a different binding con- 
formation to imatinib and may therefore not be sus- 
ceptible to kinase mutations that commonly confer 
imatinib resistance (Chen et al. 2005). Sunitinib has 
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also been approved for the treatment of metastatic 
RCC based on response rates and the duration of re- 
sponses in patients who had failed cytokine therapy 
(Motzer et al. 2006), although there are currently no 
randomised trial data to show a survival increase. 
The encouraging antitumour activity of this agent is 
accompanied by significant toxicity, notably grade 
3 fatigue, asthenia, myelosuppression (neutropenia, 
thrombocytopenia and lymphopenia), mucositis, 
hair and skin depigmentation and skin coloration, 
in addition to hypertension and bleeding (Faivre et 
al. 2006; Motzer et al. 2006). In addition, patients 
receiving sunitinib should be carefully monitored 
for clinical signs and symptoms of cardiac heart 
failure, and baseline and periodic evaluations of left 
ventricular ejection fraction should be considered. 
Management of this side effect profile currently re- 
quires an intermittent dosing schedule to be used (4 
weeks on, 2 weeks off), and it may be likely to be less 
widely used in combination regimens (Faivre et al. 
2006). A follow-up compound, $U14813, which re- 
tains activity against a spectrum of kinases, appears 
to have an improved therapeutic index: a 4-weeks- 
on, 1-week-off regimen is tolerated, and chronic 
continuous once-daily administration is now being 
explored in phase II (Fiedler et al. 2005; Patyna et 
al. 2006). 

Other VEGF tyrosine kinase inhibitors with ad- 
ditional activity versus PDGFR kinases that are 
presently being evaluated in phase I clinical studies 
include KRN-951 (AV-951; Kirin Brewery and AVEO 
Pharmaceuticals), ABT-869 (Abbott), OSI-930 (OSI 
Pharmaceuticals) and telatinib (BAY 57-9352; Bayer) 
(Table 23.1(b)). 


23.4.2.3 
VEGFR Tyrosine Kinase Inhibitors with Additional 
Activity Versus Structurally Distinct Kinases 


Fibroblast Growth Factor Receptor Tyrosine Kinases 


Angiogenesis is a complex biological process that 
relies on a variety of growth factors. Whilst VEGF 
signalling is considered pivotal for angiogenesis, 
FGFR signalling is also thought to be implicated. 
However, there is no discernable benefit of having 


this additional activity in cancer treatment, to date. 
The most advanced molecule combining activity 
versus VEGFR-2 and FGFR-1 is CP-547,632 (Pfizer 
Inc.) (Beebe et al. 2003), which has shown some evi- 
dence of stable disease for >8 weeks as monotherapy 
in 7 out of 22 evaluable patients with advanced solid 
tumours (Tolcher et a]. 2002) and is presently being 
investigated in a phase I study in NSCLC in combi- 
nation with paclitaxel and carboplatin (Cohen et al. 
2004), At doses of 200 mg/day, dose-limiting toxici- 
ties were rash and diarrhoea. However, there have 
been no recent reports of the clinical progress of 
this drug. Other compounds with additional activ- 
ity versus FGFR include BMS-582664 (Bristol-Myers 
Squibb), an L-alanine ester prodrug that improves 
the solubility and oral bioavailability of the active 
drug BMS-540215 (Fargnoli et al. 2005), which is 
in phase I, and BIBF-1120 (Boehringer Ingelheim) 
(Hilberg et al. 2004). BIBF-1120 has been explored 
with once-daily dosing, and subsequently twice- 
daily dosing to increase drug exposure, although 
elevated liver enzymes were found to be a dose-lim- 
iting toxicity on both dosing schedules (Mross et al. 
2004, 2005). Early evidence of disease stabilisation 
was observed together with reduced contrast agent 
uptake, measured by DCE-MRI. However, it remains 
unclear whether these biomarker changes and dis- 
ease stabilisation are due to a combined inhibition 
of VEGFR-2 and FGFR, or simply to inhibition of 
VEGF signalling alone. CHIR-258 (TKI-258, GFKI- 
258; Novartis/Chiron) is a multi-targeted inhibitor 
of receptor tyrosine kinases (Lee et al. 2005; Gold- 
beck et al. 2005). A phase I study in patients with 
advanced malignancies with intermittent and con- 
tinuous dosing schedules is under way and showed 
early evidence of stable disease in several patients, 
including GIST patients (Sarker et al. 2006), that was 
most likely attributable to c-Kit inhibition. Adverse 
events included hypertension, anaemia and rash. 


Epidermal Growth Factor Tyrosine Kinase 


EGFR over-expression by tumour cells has been 
found to correlate with a poor prognosis in a range 
of malignancies. EGFR can be activated by a range 
of structurally related ligands that can be produced 
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by epithelial-derived tumour cells and result in 
autocrine stimulation of tumour cell proliferation 
(Woodburn 1999). EGFR signalling has also been 
implicated in other processes driving tumour pro- 
gression, which include migration, apoptosis and 
angiogenesis (Musallam et al. 2001; Alper et al. 2001; 
Ciardiello et al. 2001). 

ZD6474 (Zactima™; AstraZeneca) has a unique 
activity profile that distinguishes it from other mo- 
lecular targeting agents: in addition to inhibiting 
VEGF signalling, ZD6474 is also a potent inhibi- 
tor of the tyrosine kinases associated with EGFR 
and the oncoprotein RET (Carlomagno et al. 2002; 
Wedge et al. 2002). While aberrant EGFR signalling 
is implicated in a number of solid tumours (Harari 
2004), constitutively active RET is involved in the 
development of several neuroendocrine diseases, 
including carcinomas of the thyroid (Ichihara et 
al. 2004). ZD6474 consequently offers the opportu- 
nity to inhibit key signalling pathways in tumour 
progression, either via inhibition of VEGF-depen- 
dent tumour angiogenesis indirectly or by target- 
ing tumour growth directly. As part of an ongoing 
phase II programme, the efficacy of ZD6474 alone 
and in combination with standard chemotherapy 
regimens is being investigated in a range of tumour 
types. Phase I and II studies have shown ZD6474 
to be generally well tolerated with a pharmacoki- 
netic profile supportive of once-daily oral dosing. 
Preliminary evidence of efficacy was observed in 
patients with NSCLC in a Japanese phase I study 
(Minamiet al. 2003), and ZD6474 demonstrated sig- 
nificant improvements in PFS during phase II evalu- 
ation in NSCLC, as a monotherapy versus gefitinib 
(Iressa) (Natale et al. 2005), and when combined 
with docetaxel, versus docetaxel alone (Heymach et 
al. 2005). Phase III evaluation of ZD6474 has been 
initiated in second-line NSCLC. ZD6474 has shown 
encouraging evidence of activity in hereditary med- 
ullary thyroid cancer and clinical evaluation is on- 
going (Wells et al. 2006). ZD6474 has been granted 
Fast Track status and Orphan Drug designation by 
the US Food and Drug Administration (FDA) for the 
treatment of patients with follicular, medullary, an- 
aplastic, and locally advanced and metastatic papil- 
lary thyroid cancer. The EU Committee for Orphan 


Medicinal Products (COMP) have granted Orphan 
Drug designation for the treatment of medullary 
thyroid cancer. Common adverse events were diar- 
rhoea, rash and asymptomatic QTc prolongation, all 
of which responded to standard management. (For 
further information on ZD6474 see also Chap. 41 of 
this book.) 

AEE788 (Novartis) is another small-molecule ty- 
rosine kinase inhibitor in development that primar- 
ily targets EGFR, but has some additional activity 
against the v-erb-b2 avian erythroblastic leukaemia 
viral oncogene homologue 2 (ErbB2) and VEGFR-2, 
and weak inhibitory activity versus RET (Traxler 
et al. 2004). Besides diarrhoea and rash, which are 
likely to be associated with EGFR pharmacology, ad- 
verse events included grade 3 and 4 AST/ALT eleva- 
tion and possible drug-induced hepatitis (Reardon 
et al. 2005; Martinelli et al. 2005). AEE788 exposure 
was low in glioblastoma patients receiving enzyme- 
inducing anticonvulsants, suggesting that AEE788 
is sensitive to the effects of enzyme-inducing agents 
(Reardon et al. 2005). 


Raf Kinases 


The Ras/Raf signalling pathway is important for 
tumour cell proliferation and angiogenesis. Raf 
kinases are serine/threonine protein kinases that 
function as downstream effector molecules of Ras 
and include A-Raf, B-Raf and Raf-1. B-Raf is report- 
edly mutated in 70% of malignant melanomas, in 
33% of papillary thyroid carcinomas and to a lesser 
frequency in other tumours (Davies et al. 2002; Ra- 
jagopalan et al. 2002; Kimura et al. 2003). There is 
also evidence to suggest that Raf-1 and B-Raf can 
play a role in the regulation of endothelial cell apop- 
tosis (Alavi et al. 2003). Multi-targeted inhibitors 
that display activity against mutant B-Raf together 
with inhibition of VEGFR-2 kinase could therefore 
have a direct antiproliferative effect in certain ma- 
lignancies (e.g. malignant melanoma) in addition to 
targeting angiogenesis. 

Sorafenib (Bay 43-9006; Bayer) is a bi-aryl urea 
that has been shown to inhibit Raf-1, B-Raf, the 
V559E B-Raf mutant and VEGFR-2, VEGFR-3, 
PDGEFR-B and c-Kit (Wilhelm et al. 2004). In phase I 
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studies, the pharmacokinetics of this compound was 
non-linear with a large inter-individual variability 
after single and multiple dosing. The peak plasma 
concentration occurred between 2.5 and 12.5 h after 
dosing, and the mean plasma half-life ranged from 
24 to 38 h, with substantial accumulation following 
chronic twice-daily dosing (Strumberg et al. 2005). 
Sorafenib has been shown to inhibit CYP2B6 and 
CYP2C8, and may therefore increase the exposure of 
compounds that are cleared by these enzymes when 
dosed concomitantly. Adverse events include skin 
rash, hand-foot syndrome and elevation of liver 
enzymes. Sorafenib has demonstrated preliminary 
antitumour activity in patients with RCC, hepato- 
cellular carcinoma, melanoma and sarcoma (Strum- 
berg et al. 2005). Recently, sorafenib was approved 
for treatment of patients with advanced RCC based 
on an improvement in PFS versus placebo (Escudier 
et al. 2005), which is likely to be attributable to inhi- 
bition of VEGF signalling. 

Another inhibitor of Raf kinases and VEGFRs 
has been described recently, CHIR-265 (Novartis/ 
Chiron Corp.) (Amiri et al. 2006). This compound 
has increased potency versus B-Raf mutants when 
compared with B-Raf and is beginning clinical trials 
in melanoma patients. 


Cyclin-dependent Kinases 


ZK-304709 (Bayer Schering Pharma AG) combines 
activity versus VEGFRs and PDGFR-f tyrosine ki- 
nase with inhibition of the serine/threonine kinases, 
cyclin-dependent kinases 2, 1 and 4. Consequently, 
evidence of cell-cycle arrest and antiangiogenic ef- 
fects have been shown in preclinical models (Sie- 
meister et al. 2005). This novel spectrum of activity 
confers a much narrower therapeutic index in pre- 
clinical studies than more selective VEGFR tyrosine 
kinase inhibitors. 


Conclusions 


VEGFR tyrosine kinase inhibitors hold great prom- 
ise as convenient therapeutic agents for solid tumour 
treatment. However, only those inhibitors possess- 
ing a good balance of features (Sect. 23.4.1) are likely 
to achieve optimal inhibition of VEGF signalling, 
whilst retaining suitability for use in combination 
regimens with existing therapeutic modalities. To 
date, the most successfully advanced tyrosine ki- 
nase inhibitors with anti-VEGF activity have been 
approved for use in RCC, which appears to have a 
particularly marked dependency on VEGF signal- 
ling, largely attributable to mutations in the VHL 
gene. In addition, promising signals have been seen 
in indications where activities versus additional 
targets are likely to have provided benefit (e.g. the 
activity of sunitinib versus c-Kit tyrosine kinase in 
imatinib-resistant GIST, and ZD6474 activity versus 
EGFR and RET tyrosine kinases in NSCLC and thy- 
roid cancer, respectively). More recent compounds 
such as AZD2171, which combines high potency and 
good physical properties with an attractive phar- 
macokinetic profile, have shown encouraging signs 
of activity as monotherapy alone. Such compounds 
should now enable the small-molecule VEGFR sig- 
nalling inhibitor concept to be tested robustly. 
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Abstract 


Vascular endothelial cell growth factors 
(VEGFs) and their receptors are key mole- 
cules in the development and maintenance of 
the vascular and lymphatic systems in mam- 
mals. Inappropriate regulation of vascular 
growth is associated with various pathologi- 
cal states, especially with tumor growth. As 
cancer growth is supported in large part by 
excessive tumor-induced vascularization, in- 
terference with VEGF signaling has emerged 
as an important anti-angiogenic strategy to 
combat cancer. Here we review the state of 
the art with regard to one powerful such ap- 
proach - the efficient blockage of VEGF re- 
ceptor function with fully human monoclo- 
nalantibodies. There are three types of VEGF 
receptors: VEGFR2 and VEGFR3, which are 
expressed highly selectively on vascular and 
lymphatic endothelial cells, respectively, and 
VEGFR1, which is expressed in many cell 
types, including endothelial cells, inflamma- 
tory cells, and many tumor cells. Antibodies 
against each of these receptors can interfere 
with VEGF/VEGF receptor interactions in 
a highly receptor-specific manner, which 
prevents VEGF-induced signaling in VEGF 
receptor-positive cells, and results in impair- 
ment of essential functions of endothelial 


and other cells that support tumor growth 
and, ultimately, by tumor growth inhibi- 
tion. The mechanisms of action of these an- 
tibodies differ widely, reflecting the unique 
distribution and biological roles of each of 
the VEGF receptors. There is abundant pre- 
clinical evidence that antibody-mediated 
VEGF receptor blockage can cause powerful 
inhibition of tumor growth in animals. How- 
ever, as tumor growth control is achieved 
by mechanisms that are primarily cyto- 
static, cessation of treatment causes tumor 
re-growth. A preferred treatment modality 
is, therefore, to combine antibody treatment 
with cytotoxic (chemo- or radiation) therapy. 
Various forms of such combination therapy 
have been successful in treating many types 
of experimental tumors, even under condi- 
tions when single-agent treatments are in- 
effective. Anti-VEGFR1 and -R2 antibodies 
are currently being investigated as cancer 
therapeutics in clinical trials. In view of the 
potential therapeutic usefulness of these an- 
tibodies we also discuss possible advantages 
and disadvantages of anti-VEGFR antibod- 
ies and other approaches of VEGF signaling 
inhibition [antibodies against VEGF (Avas- 
tin®), small-molecule kinase inhibitors] with 
respect to differential efficacy and adverse 
effect profiles. 
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Introduction: The VEGF/VEGFR System 


The vascular endothelial growth factor (VEGF) 
family of endothelial growth factors consists of at 
least 11 structurally related glycoproteins that are 
derived from six genes (VEGF-A, VEGF-B, VEGF-C, 
VEGF-D, VEGF-E, PIGF) by expression of alterna- 
tively spliced mRNA (see recent reviews by Ferrara 
2004; Hicklin and Ellis 2005). The VEGFs are vari- 
ously produced by many different cell types. They 
bind to and activate three types of VEGF receptors 
{VEGFR1] (fit-1), VEGFR2 (flk-1/KDR), and VEGFR3 
(flt-4)] in a selective but redundant manner. The 
binding relationship between ligands and receptors 
is shown in Fig. 24.1. VEGF receptors are structur- 
ally related transmembrane proteins that are com- 
prised of seven extracellular immunoglobulin-like 
domains and an intracellular tyrosine kinase do- 
main. Like other tyrosine kinase receptors, they un- 
dergo dimerization upon binding of ligand to their 


extracellular domain. Receptor dimerization allows 
the intracellular kinase domains to come into close 
proximity, such that in their dimeric state the kinase 
domains will catalyze the cross-phosphorylation of 
multiple tyrosine residues on each other’s intracel- 
lular portions. Various specialized proteins can then 
bind to these phosphorylated sites and enable the 
process of signal transduction from the outside of 
the cell (ligand binding) to the nucleus (DNA syn- 
thesis, activation of various cell functions, includ- 
ing proliferation). In addition, two other transmem- 
brane proteins, neuropilin-1 and -2, are thought to 
serve as ligand-selective co-receptors for VEGFRI, 
VEGFR2, and VEGFR3, respectively. The VEGF re- 
ceptors are primarily expressed in endothelial cells 
of the vasculature and the lymphatic systems, and 
their functions are still poorly understood. 

In mammals, the VEGFs and their receptors 
have long been recognized as crucial components 
of regulatory systems that govern the formation and 
maintenance of blood (VEGFR1, VEGFR2, VEGFR3) 
and lymphatic (VEGFR3) vessels under physiologi- 
cal and pathological conditions, including cancer. 
Rapid tumor growth is dependent on the formation 
of a sustaining vasculature, and the VEGF/VEGFR 
systems are key to achieve this. Most tumor cells ex- 
press and secrete high levels of VEGF, and they also 
produce enzymes (e.g., metalloproteinases, hepa- 
ranase) that liberate VEGFs and certain other hepa- 
ran sulfate-bound endothelial mitogens (e.g., FGFs) 
from the extracellular matrix of tissues where much 
of these highly active heparin-binding growth fac- 
tors are stored in sequestered, inactive form. VEGFs, 
upon binding to VEGF receptors, activate endothe- 
lial cells such that a cellular program is set in motion 
to support the overall process of new blood vessel 
formation and maturation. As a result, endothelial 
cells divide rapidly in the vicinity of tumors, and 
migrate to organize into vascular tubes leading to 
rapid vascularization of tumor tissue that can sus- 
tain growth of that tissue. Activation of endothelial 
cells also manifests itself by (a) modulation of the 
expression of proteins that help to promote endothe- 
lial motility (e.g., cytoskeleton components), migra- 
tion and invasion (e.g., proteases); (b) upregulation 
of survival mechanisms; and (c) increased receptiv- 
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Fig. 24.1. 
Binding relationships 
between VEGFs and 
VEGF receptors. VEGF, 
vascular endothelial 
growth factor; PIGF, 
placenta growth factor; 
VEGER, VEGF receptor; 
NRP, neuropilin. Repro- 
duced from Hicklin and 
Ellis (2005), with permis- 
sion from the American 
Society of Clinical 
Oncology 
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ity to additional activation signals (e.g., various cy- 
tokine receptors) that further help the cells to adopt 
to rapid expansion. Additionally, some VEGFs po- 
tently induce vascular permeability, thus aiding in 
providing an “inflammatory” environment condu- 
cive to the stimulation of tumor cell proliferation. 
While tumor cell-induced endothelial activation 
is not only driven by VEGF, this growth factor is a 
dominant player in the process, as demonstrated by 
the obligatory role in vasculogenesis during devel- 
opment and the profound effects that inhibitors of 
VEGF signaling have on angiogenesis. 

Given the prominent biological relevance of the 
VEGF/VEGFR pathways for tumor angiogenesis 
and tumor-associated lymphangiogenesis, it is not 
surprising that inhibition of VEGF signaling for 
therapeutic purposes has attracted major interest. 
As a result, many ways to block tumor angiogenesis 
via interference with VEGF signaling in endothe- 
lial cells have been developed. The best-studied ap- 
proaches include (a) neutralization of VEGF ligand 
with antibodies or soluble receptors (VEGF trap), 
(b) inhibition of the kinase function of VEGF recep- 


tors using small-molecule kinase inhibitors, and (c) 
inhibition of receptor function with antibodies that 
bind with high affinity to the ligand-binding sites of 
the VEGF receptors and thereby competitively pre- 
vent receptor activation and ligand-induced signal- 
ing. Each of these approaches has unique features 
that may be relevant to the success of therapy (e.g., 
specificity, toxicity). The concept of angiogenesis 
inhibition as a therapy for the treatment of tumors 
has been validated with the regulatory approval of 
an anti-VEGF antibody for the treatment of colorec- 
tal cancer [Avastin® (bevacizumab)]. Drugs involv- 
ing other approaches are in various stages of clinical 
development, and it remains to be seen how the dis- 
tinguishing features of such drugs will translate into 
distinct differences in efficacy and/or safety. The 
drug industry has so far focused largely on blocking 
tumor angiogenesis by inhibition of VEGFR2 sig- 
naling. Evidence suggests, however, that inhibition 
of VEGF-induced signaling through other VEGF re- 
ceptors as well may have therapeutic potential. 

The concept that function-blocking antibodies 
can be deployed as highly effective cancer therapeu- 
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tics has been validated with the regulatory approval 
of the monoclonal antibodies Herceptin®, (trastu- 
zumab), Erbitux® (cetuximab), and bevacizumab, 
which inhibit the functions of the Her-2 receptor, the 
EGF receptor, and the VEGF-A ligand, respectively. 
These successes have spawned increased efforts to 
develop additional antibodies to block the function 
of receptors essential in various stages of the malig- 
nant process, among them the VEGF receptors. Here 
we review the current research and development sta- 
tus of function blocking anti-VEGFR antibodies. 


Anti-VEGFR2 Antibodies 


24.2.1 
Anti-murine VEGFR2 Antibodies: 
Proof-of-Concept Studies 


24.2.1.1 
tnhibition of Tumor Angiogenesis, 
Tumor Growth and Metastasis 


The concept of targeting VEGFR2 was first pursued 
by scientists at ImClone Systems, who created an 
anti-VEGFR2 function-blocking monoclonal anti- 
body by immunizing rats with a recombinant pro- 
tein corresponding to the extracellular domain of 
murine VEGFR2 (soluble VEGFR2). Using standard 
hybridoma technology, antibodies were identified 
that competed with the binding of soluble VEGFR2 
to VEGF immobilized to ELISA plates (Rockwell et 
al. 1995). One of the resulting monoclonal antibod- 
ies, DC101, was shown to possess potent in vivo anti- 
angiogenic activity in various mouse models, and to 
block tumor angiogenesis and tumor growth in mice 
bearing murine or human xenograft tumors (Skobe 
et al. 1997; Witte et al. 1998; Prewett et al. 1999). 
DC101 has since been used by many investigators in 
a large variety of tumor models to further character- 
ize the effects of VEGFR2 inhibitors on tumor an- 
giogenesis and tumor growth. Tables 24.1 and 24.2 


summarize published reports that describe the use 
of DC101 in human tumor xenograft and syngeneic 
mouse tumor models, respectively. Following the 
initial development and testing of DC101, other anti- 
murine VEGFR2 antibodies have been generated 
and tested (Ran et al. 2003; Li et al. 2004a) showing 
similar effects on tumor angiogenesis and inhibition 
of tumor growth. 

As expected, based on the predicted mechanism 
of action (inhibition of endothelial cell prolifera- 
tion), DC101 was consistently found to strongly in- 
hibit new blood vessel formation in tissues under- 
going angiogenesis. Treatment with DC101 caused 
reduction in the density of microvessels in tumors 
or other tissues undergoing angiogenesis. As dem- 
onstrated in many studies using standard human 
xenograft tumors in immunodeficient mice, this 
effect translated into powerful inhibition of tumor 
growth. Even when administered alone, DC101 fre- 
quently caused complete inhibition of tumor growth, 
and tumor regression was sometimes observed. Typ- 
ical examples of anti-tumor activity with DC101 are 
shown in Fig. 24.2. Tumor inhibition was sustained 
during continuous treatment for long periods (over 
3 months) but resumed with normal kinetics after 
cessation of antibody treatment (Prewett et al. 1999). 
DC101 was also shown to reduce the number and 
growth of metastases. Similarly, inhibition of tumor 
angiogenesis, tumor growth and metastasis was also 
reported for various murine tumors (Table 24.2). It 
must be noted, however, that, DC101 effects were 
generally not as profound in these models as those 
induced in immunodeficient mice. This is not sur- 
prising: the reduced efficacy in syngeneic murine 
models is probably attributable to the development 
of an neutralizing anti-DC101 (a rat antibody) im- 
mune response in immunocompetent mice used in 
these studies. 

These profound effects on human or mouse tu- 
mor tissue are solely caused by the interaction of the 
antibody with mouse VEGFR2 located on mouse en- 
dothelium. The antibody does not cross-react with 
human VEGFR2; therefore, direct effects on (rare) 
VEGFR2-positive human tumors can be excluded. 
The antibody also does not cross-react with mouse 
VEGFRI1 or VEGFR3 or other more distantly related 
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Table 24.1. Treatment of human tumors grown as xenografts in immunodeficient (nude, SCID) mice with anti-murine 
VEGFR2 antibody DC101 


Tumor type Model Combination Tumor Angio- Metas- Other Reference 
type treatment growth genesis tasis 
inhibi- inhibi- inhibi- 
tion tion tion 
Bladder, 253 J B-V o paclitaxel yes yes yes 7 Inoue et al. (2000) 
Bladder, 253 J B-V 0 no nd yes - 1,3 Davis et al. (2004) 
Colorectal sc no yes yes yes Bruns et al. (2000) 
Colorectal, HCT116 sc no yes nd - 6 Yu et al. (2002) 
Colorectal, KM12L4 o EGFR mab yes yes yes 2 Shaheen et al. 
(2001a) 
Colorectal, LS174T sc no nd nd - 1 Tong et al. (2004) 
Epidermoid, A431 sc no yes yes - Prewett et al. (1999) 
Gastric, TMK-1 o EGFR mab yes yes - Jung et al. (2002) 
Glioblastoma, G55 o EGFR mab yes nd - Lamszus et al. (2005) 
Glioblastoma, G55 o no yes yes - Kunkel et al. (2001) 
Glioblastoma, GBM-18 sc no yes nd - Prewett et al. (1999) 
Glioblastoma, U87 sc no nd nd - 1 Tong et al. (2004) 
Glioblastoma, U87 o radiation nd yes - 1,2 Winkler et al. (2004) 
Glioblastoma, U87 sc radiation yes nd - Kozin et al. (2001) 
Leukemia, HL60 iv no yes nd yes 7 Dias et al. (2001) 
Lung, small cell, 54A sc no nd nd - l Tong et al. (2004) 
Lung, small cell, 54A sc radiation yes nd - Kozin et al. (2001) 
Lymphoma, NHL, DLBCL sc VEGFRI mab yes yes - Wang et al. (2004) 
Lymphoma, NHL, DLBCL sc CD20 mab yes yes - Wang et al. (2004) 
Lymphoma, NHL, DLBCL sc methotrexate yes yes - Wang et al. (2004) 
Mammary, MD22 o Adriamycin yes yes - 5 Klement et al. (2002) 
Mammary, MDA-CDDP54 o Cisplatin yes yes - 5 Klement et al. (2002) 
Mammary, MDA-MB231 0 CTX yes nd - 5 Man et al. (2002) 
Mammary, MPAHS o vinblastine yes yes - 5 Klement et al. (2002) 
Mammary, MVB9 o vinblastine yes yes - 5 Klement et al. (2002) 
Neuroblastoma sc radiation yes yes - Gong et al. (2003) 
Neuroblastoma, SK-NMC sc vinblastine yes yes - 5 Klement et al. (2000) 
Pancreas o gemcitabine yes yes yes Bruns et al. (2002) 


Pancreas, BxPC-3 sc no yes nd - Prewett et al. (1999) 
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inhibi- 


Tumor type Combination 
treatment 
tion 

Prostate, PC-3M-MM2 o no yes 
Prostate, LNCaP-LN3 o no yes 
Renal, SK-RC-29 sc no yes 
Sarcoma, leiomyo sc doxorubicin yes 
Sarcoma, rhabdomyo sc doxorubicin yes 
Squamous cell sc no nd 
Squamous cell sc radiation yes 
Squamous cell sc no nd 
Squamous cell, A5-RT3 o no nd 
Squamous cell, A5-RT3 0 no nd 
Squamous cell, A5-RT3 o no nd 


Tumor 
growth 


Metas- Reference 
tasis 

inhibi- 

tion 


Angio- 
genesis 
inhibi- 
tion 


yes yes Sweeney et al. (2002) 

yes yes Sweeney et al. (2002) 

nd - 2 Prewett et al. (1999) 

yes - 5 Zhang et al. (2002) 

yes - 5 Zhang et al. (2004) 

yes - Kiessling et al. 
(2004) 

yes - Li et al. (2005) 

yes - Skobe et al. (1997) 

yes - Krix et al. (2003) 

yes - 1,4 Vosseler et al. (2005) 

yes - 1,4 Miller et al. (2005) 


Abbreviations: iv, intravenous; o, orthotopically implanted tumor; sc, subcutaneously implanted tumor; s, spontaneous tumor; 
c, chemically induced tumor. Codes for significant results or experimental approaches listed in the column “Other:” 1, vascular 
normalization; 2, vascular permeability; 3, in vivo signaling; 4, stromal normalization; 5, combination with metronomic (con- 
tinuous low-dose) chemotherapy; 6, DC101 resistance; 7, long-term survival or tumor rejection; 8, drug scheduling 


. 


growth factor receptors. In contrast, other common 
approaches to inhibit VEGF signaling (anti-VEGF 
antibodies, small-molecule kinase inhibitors) gen- 
erally lack this level of specificity, making data in- 
terpretation more difficult in situations where spe- 
cies or pathway specificity do play a role (see below). 
In this context it should also be noted that VEGFR2, 
although expressed with higher frequency in angio- 
genic (tumor) endothelium, is also expressed ap- 
preciably in the vasculature of normal tissues (e.g., 
kidney), and even in some other cell types (e.g., neu- 
rons; see below). Expression in normal endothelium 
may give rise to certain side effects, as will be dis- 
cussed later. 


24.2.1.2 
Mechanism of Action 


VEGF exerts its action on VEGFR2-expressing endo- 
thelial cells by binding to the ligand-binding site of 
the receptor. VEGF, being a dimeric molecule com- 


prised of two identical disulfide-linked subunits, 
can bind two receptor molecules and thereby bring 
two receptors together in close proximity on the cell 
surface. This process, referred to also as receptor di- 
merization, enables the kinase domains of each di- 
mer partner to phosphorylate a number of tyrosine 
residues of the other partner’s intracellular domain. 
This cross-phosphorylation of receptors starts the 
transduction of the exterior VEGF signal into the 
interior of the cell by allowing various specialized 
docking proteins to bind to phosphorylated sites 
on the receptor. Receptor-bound docking proteins 
transduce the original signal by acting as kinases 
or attracting kinases which, in several steps, phos- 
phorylate further kinases or other proteins in a cas- 
cade-like manner. Eventually, the phosphorylation 
state of the last member of the signal transduction 
chain will determine whether a transcription factor 
or a transcription inhibitor will bind to DNA and 
induce or suppress gene expression. In endothelial 
cells, VEGFR2 prominently activates signaling via 
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Table 24.2. Treatment of murine tumors with anti-murine VEGFR2 antibody DC101 


Tumor type Model Combination Tumor Metas- Other Reference 
type treatment growth tasis 
inhibi- inhibi- 


tion tion 


Adenocarcinoma, s.c. s no yes yes - Izumi et al. (2003) 
Colon, CT26 o MuLV vacc + nd nd - 7 Pedersen et al. (2005) 
CTLA4 mab 
Colon, CT26 o no yes yes - Shaheen et al. (2001b) 
Colon, CT26 o no yes yes - Hicklin and Ellis 
(2001) 
Hepatocellular c VEGFR1 mab yes yes yes Yoshiji et al. (2004a) 
Hepatocellular o No Yes Yes - 3,8 Yoshiji et al. (1999) 
Hepatocellular, MH134 sc no nd nd - 2 Yoshiji et al. (2001) 
Hepatocellular, MH134 sc no yes nd - Yoshiji et al. (2002) 
Hepatocellular, MH134 sc no yes yes - Yoshiji et al. (2004b) 
Leukemia, C1498 AML iv no yes yes - Reichert et al. (2005) 
Lung, Lewis sc no yes yes yes Prewett et al. (1999) 
Mammary s no yes yes - 8 Fenton et al. (2004a) 
Mammary, 4T1 sc IL-12 GT nd yes yes Rakhmilevich et al. 
(2004) 
Mammary, 4T1 sc no yes nd - Prewett et al. (1999) 
Mammary, Mca4, sc no yes yes - Fenton et al. (2004a) 
MCa35 
Mammary, Mca4, sc radiation yes yes - Fenton et al. (2004b) 
MCa35 
Mammary, MCaIV sc no nd nd - l Tong et al. (2004) 
Mammary, Shionogi sc doxo/CTX yes yes - Hansen-Algenstaedt 
et al. (2001) 
Melanoma, B16 sc no yes nd - Prewett et al. (1999) 
Pancreas islet, Rip-Tag s no yes yes - 6 Casanovas et al. 
(2005) 
Sarcoma s no nd nd - 2 Stoelcker et al. (2000) 
Sarcoma, S$.c. s no yes yes - Izumi et al. (2003) 


Abbreviations: s, spontaneous tumor; c, chemically-induced tumor; GT, gene therapy; for other abbreviations and table content 
explanations see legend of Table 24.1 
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the phosphatidylinositide-3 kinase (PI3-kinase)/akt 
pathway (which controls the expression of the genes 
involved in cell survival) and the ras/raf/map-ki- 
nase pathway (which regulates cell proliferation). 
DC101 prevents these signaling pathways from be- 
ing activated by binding to the ligand-binding site 
of the receptor such that VEGF cannot bind to the 
receptor and induce its dimerization. Without sig- 
naling induced by VEGF, endothelial cells remain 
in an inactive state, and new vessel formation does 
not take place. 

The expected outcome of anti-VEGFR2 action is 
cytostatic arrest of endothelial cells in GO, followed 
by inhibition of incremental tumor growth due to 
lack of sufficient blood supply. However, DC101 was 
also found to strongly induce apoptosis in tumor 
endothelium, followed by death of existing tumor 
tissue (Bruns et al. 2000; Shaheen et al. 2001b). But 
how can this antibody with a primarily cytostatic 
mechanism also be cytotoxic to endothelial as well 


GBM18 
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Fig. 24.2. Tumor growth 
inhibition with single-agent 
DC101 therapy. Subcutane- 
ous tumors were estab- 
lished by injecting athymic 
nude mice with tumor cells. 
Treatment of mice with 
DC101 (27 mg/kg) (red) or 
control antibody (blue) was 
started when subcutane- 
ous tumors were palpable 
(150-250 mm?). DC101 was 
injected twice weekly for 
the duration of the experi- 
ments. A431, human epider- 
moid carcinoma; GBM18, 
glioblastoma; BxPC-3, 
pancreatic carcinoma; SK- 
RC-29, renal cell carcinoma. 
For additional details see 
Prewett et al. (1999). Re- 
produced from Prewett et 
al. (1999), with permission 
from the American Associa- 
tion of Cancer Research 


as tumor cells? The reason is that VEGF, together 
with other tumor-secreted factors (cytokines, en- 
zymes), broadly “activates” endothelium within the 
tumor (see above). A critical part of this activation is 
the triggering of the PI3-kinase/akt signaling path- 
way that helps to ensure cell survival under adverse 
conditions. Agents like DC101 that inhibit VEGF- 
induced survival will therefore promote apoptosis 
of stressed cells. This vulnerability can even be ob- 
served in cell culture. When endothelial cells are in- 
duced to proliferate with VEGF under non-optimal 
(low serum) conditions, addition of DC101 not only 
inhibits further proliferation but also causes cells to 
die from apoptosis (Bruns et al. 2000). In a tumor 
environment, rapidly proliferating endothelial cells 
that attempt to organize into vessels are stressed and 
thus vulnerable while the vessel network is formed 
and maturation of new structures has not yet oc- 
curred. These cells rely on survival mechanisms. 
When a major VEGF-induced survival pathway, 
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PI3-kinase/akt signaling, is blocked by a VEGFR2 
antagonist, tumor endothelial cells undergo massive 
apoptosis (Shaheen et al. 2001b). This is even more 
the case when tumors are treated with chemother- 
apy or radiation and tumor endothelium is further 
stressed. Indeed, DC101 can strongly synergize with 
the apoptotic action of cytotoxic therapy on tumor 
endothelium (Bruns et al. 2002; Zhang et al. 2002). 
DC101l-induced endothelial cell apoptosis causes 
vessel regression which results in nutrient restric- 
tion and hypoxia in existing tumor tissue, followed 
by widespread apoptotic tumor cell death in under- 
vascularized areas (Bruns et al. 2000; Shaheen et al. 
2001b). 

Interestingly, the collective experience with using 
DC101 in varied tumor models points to a broader 
role of VEGF and its receptor VEGFR2 than endo- 
thelial proliferation and survival. Excessive tu- 
mor endothelial cell proliferation results in vessels 
that are largely abnormal, unstable and inefficient. 
While the activated state of endothelial cells sup- 
ports their proliferation and facilitates their migra- 
tion and tissue invasion through increased activity 
of enzymes such as metalloproteinases, cathepsins, 
and heparanase, it does not promote the stabiliza- 
tion of new vessel structures. Tumor vessels grow 
chaotically, are often tortuous, uneven in size and 
shape, and reach abnormally high densities. They do 
not produce a normal basement membrane and lack 
association with vessel-supporting pericytes. As a 
consequence, tumor vessels are leaky and unstable. 
Vascular permeability increases interstitial pres- 
sure in tumors, and elevated interstitial pressure 
often causes unstable vessels to collapse, leading to 
interrupted blood flow. In short, tumor vasculature 
functions inefficiently, a deficit that can be overcome 
only by even more tumor angiogenesis. Abnormal 
tumor vessel permeability has long been recognized 
as a VEGF-induced phenomenon (Senger et al. 1993), 
and VEGFR2 is now known to be the receptor that 
regulates vessel permeability through interaction 
with adhesion molecules such as B3-integrins and 
VE-cadherin, and src-like tyrosine kinases (Weis 
and Cheresh 2005). 

Studies with DC101 have provided much evidence 
that VEGF, via action on VEGFR2, is also responsible 


for other abnormal characteristics of tumor vessels. 
DC101 normalizes tumor vasculature broadly by (a) 
reducing vessel permeability (Prewett et al. 1999); 
(b) reducing ascites formation associated with the 
growth of some tumors (Yoshiji et al. 2001; Shaheen 
et al. 200la; Stoelcker et al. 2000); (c) decreasing 
interstitial fluid pressure (Tong et al. 2004); (d) in- 
creasing oxygenation (Winkler et al. 2004; Tong et 
al. 2004); (e) regression of tumor vessels (pruning), 
largely at the expanding periphery of tumors (Davis 
et al. 2004; Tong et al. 2004; Vosseler et al. 2005); (f) 
increasing coverage of tumor vessels with vessel- 
supporting pericytes (Tong et al. 2004; Vosseler et 
al. 2005); and (g) normalizing stroma, as evidenced 
by decreased stromal metalloproteinase production 
(Vosseler et al. 2005; Miller et al. 2005) and improved 
basement membrane formation in the tumor micro- 
environment (Tong et al. 2004; Vosseler et al. 2005; 
Miller et al. 2005). 

The "malfunction" of tumor vasculature is also 
thought to interfere with therapy and to contribute 
to tumor metastasis. High interstitial pressure re- 
duces the diffusion rate of chemotherapeutics into 
the tumor tissue, and hypoxia renders radiation 
therapy less effective because oxygen is a radio- 
sensitizer (Jain et al. 2006). Increased tumor ves- 
sel permeability may contribute to accelerated in- 
travasation and dissemination of metastases (Weis 
and Cheresh 2005). Again, DC101 strongly reverses 
these abnormalities. Treatment with antibody was 
shown to enhance the effects of radiation therapy 
by increasing tissue oxygenation (Li et al. 2005), to 
increase drug penetration by reducing intratumoral 
pressure (Winkler et al. 2004; Tong et al. 2004), and 
to greatly reduce metastasis formation (Tables 24.1 
and 24.2). 


24.2.1.3 
Combination Therapy 


While tumor growth control with DC101 is often 
impressive and long-term in animal models of 
human tumors, and tumor cell death invariably 
occurs (often associated with tumor regression) 
as a consequence of angiogenesis inhibition, 
antibody treatment alone does not cure the disease. 
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Invariably, treatment with DC101 leads to extensive 
tumor necrosis, but a surviving population of tu- 
mor cells remains supplied by existing, VEGF-in- 
dependent vessels. Thus, upon cessation of antibody 
therapy, tumors eventually resume growth from 
this surviving tumor cell population in a manner 
indistinguishable from the growth of non-treated 
tumors. 

Therefore, the concept of combining anti-angio- 
genic and cytotoxic therapy has been widely tested. 
DC101 and chemo- and radiation therapy can act 
synergistically because both modalities can act, di- 
rectly or indirectly, on both endothelial and tumor 
cells. As shown above, DC101 can cause tumor cell 
apoptosis by depriving tumors of the blood vessels 
they need. On the other hand, cytotoxic drugs or 
radiation that kill tumor cells by interfering with 
the cell cycle can also inhibit angiogenesis by kill- 
ing activated and rapidly proliferating endothelial 
cells (Bruns et al. 2002). In addition, DC101 prevents 
growth of new tumor blood vessels during recov- 
ery periods between doses of chemo- or radiation 
therapy. Thus, in combination, DC101 and cytotoxic 
agents or radiation enhance each other’s tumor- 
controlling effects. There are many studies demon- 
strating the superior effect of DC101 treatment in 
combination with chemo- or radiation therapy (see 
Tables 24.1 and 24.2). Significant combinatorial an- 
titumor effects have been observed for chemo- and 
radiation therapy even under conditions where ei- 
ther single agent produced little effect (Zhang et al. 
2002; Fenton et al. 2004b). An example of the power 
of combined DC101 and chemotherapy is shown in 
Fig. 24.3. 

Anti-angiogenic therapy with DC101 has also been 
used in combination with continuous low-dose, or 
metronomic, chemotherapy. The rationale for met- 
ronomic chemotherapy suggests that the synergistic 
effect of anti-angiogenic and low-dose chemother- 
apy should produce a sustained anti-tumor effect 
comparable to that of standard chemotherapy with 
maximally tolerated doses, without the severe toxic- 
ities seen with standard chemotherapy, and possibly 
without rapid induction of drug resistance. Indeed, 
remarkable results have been observed with combi- 
nation treatments in several tumor models using dif- 


ferent drug and treatment modalities. At best, com- 
bination of DC101 with chemotherapy has resulted 
in significant tumor regression and/or long-term 
survival, or produced better tumor inhibition than 
standard chemotherapy without the severe toxicity 
associated with standard chemotherapy (Klement et 
al. 2000, 2002; Zhang et al. 2002; Man et al. 2002). 
With increasing knowledge about biological 
mechanisms of cancer progression, and the grow- 
ing realization that the optimal clinical benefit for 
cancer patients is likely to incorporate newer tar- 
geted therapies with similar agents or conventional 
cytotoxins, combination therapy is now being inves- 
tigated broadly. DC101 has been tested in a variety 
of such combinations, including combinations with 
other antibodies against tumor growth factor recep- 
tors (VEGFRI, EGFR), cell surface proteins (CD20), 
immunomodulatory receptors (CTLA-4), and others 
(see Tables 24.1 and 24.2). In general, combination 
therapy proved to be more effective than single- 
agent therapy in these biological combinations as 
well; in one study with a vaccine (Pedersen et al. 
2005), tumor rejection rates of 80% were observed. 


24.2.1.4 
Other Findings 


One original hypothesis of anti-angiogenesis ther- 
apy was that it may not exhibit the problem of 
drug resistance because the target of the therapy, 
the endothelial cell, is genetically stable. In sup- 
port of this hypothesis, evidence that treated ani- 
mals acquire resistance to anti-angiogenic agents 
is largely absent. Several longer-term studies have 
not suggested that human cancers in xenograft 
mouse models develop resistance to DC101 treat- 
ment. However, the clinical evidence with the 
VEGF antibody bevacizumab clearly shows that 
tumors eventually progress while patients are on 
anti-angiogenic therapy. Further preclinical and 
clinical studies are needed to determine whether 
or not the apparent long-term failure of anti-an- 
giogenesis therapy (Jain et al. 2006) is caused by 
resistance of endothelial cells. It is more likely that 
tumors become resistant to angiogenesis inhibi- 
tors such as bevacizumab because, during tumor 
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Fig. 24.3a,b. Antitumor effect 

of combined DC101 and con- 2000 
tinuous low-dose doxorubicin 1800 
against human soft tissue 


Bae TEE 


sarcoma xenografts SKLMS-1 A ee 
(a) and RD (b). Arrowheads, € 1400 
days on which treatment was E 
ma = 1200 
administered. Results are g 
given as mean tumor volume 3 1000 
of 10 mice/group. Bar, stan- > 
ce © 800 
dard deviation. a, P<0.05 vs E 
control; b, P<0.001 vs control; = 600 
c, P<0.01 vs DC101 (400 ug) iod 
alone; d, P<0.01 vs continuous 
low-dose doxorubicin alone. 200 
Reproduced from Zhang et al. 0 
(2002), with permission from 1 28 
the American Association of 
DC101 
Cancer Research 7 
a doxorubicin 
2000 
1800 _—— 
1600 J 
-s.- 
= 1400 
E 
E1200 
z 
5 1000 
© 
> 
= 800 
5 
© 600 
400 
200 
0 
21 28 
DC101 
b doxorubicin 


progression, tumors switch to other mechanisms 
to sustain tumor angiogenesis and tumor growth. 
Evidence to support this hypothesis is now emerg- 
ing. For example, a recent study shows that late- 
stage spontaneous pancreatic islet tumors in the 
transgenic Rip-Tag mice lose their sensitivity to 
DC101 by switching to alternative pro-angiogenic 
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growth factor systems (FGF), thereby evading the 
VEGFR2 blockade (Casanovas et al. 2005). Other 
studies (Hansen-Algenstaedt et al. 2000; Yu et 
al. 2002), which showed apparent resistance to 
DC101 treatment, may be interpreted accordingly, 
although underlying mechanisms have not been 
documented. 
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Another hypothesis is that anti-angiogenic ther- 
apy is most effective early during tumor growth. 
Intuitively, it seems reasonable that anti-angiogen- 
esis therapy would be most effective in the more 
rapid, earlier growth phase of tumors, rather than 
later on when tumors have a good supply of larger 
and more mature vessels. In one study, Fenton et 
al. (2004a) showed that early but not late admin- 
istration of DC101 inhibited tumor angiogenesis. 
However, it is not clear whether or not this find- 
ing was related to resistance as discussed above, 
i.e. progression of tumors to states less dependent 
on VEGF. In other studies, late administration of 
DC101 to animals bearing large tumors proved to 
be effective in controlling tumor growth (Yoshiji 
et al. 1999; Izumi et al. 2003). The issue of whether 
large tumors can be effectively treated with anti- 
angiogenic therapy may require further preclinical 
and clinical validation. 

Although almost all preclinical work with anti- 
VEGFR2 antibodies has been done with DC101, an- 
other anti-VEGFR2 antibody, RAFL, has also been 
tested in animals (Ran et al, 2003). In addition, an 
antibody that binds to murine VEGFR2 (but does 
not neutralize VEGF action) has been used as a tar- 
geting vehicle to deliver yttrium-90 nanoparticles 
selectively to tumor vasculature in several murine 
tumor models (Li et al. 2004a). With this approach, 
significant tumor growth delay has been achieved. 


24.2.2 
Anti-human VEGFR2 Antibodies: 
the Path to Clinical Studies 


Proof-of-principle studies with the rat anti-mouse 
antibody DC101 indicated the high promise of 
blocking VEGFR2 for cancer therapy. Since DC101 
does not recognize the human VEGFR2 receptor, 
scientists at ImClone developed a number of anti- 
human VEGFR2 antibodies. The first of these anti- 
bodies that eventually progressed to clinical testing 
was generated by screening a single-chain antibody 
phage display library obtained from a mouse im- 
munized with the human receptor and fusing the 
variable domains of the selected scFv fragment to 


the constant region of human IgG] (Zhu et al. 1998, 
1999). The resulting mouse/human chimeric anti- 
body, 1C11, binds to human VEGFR2 and inhibits 
VEGF-induced signaling, proliferation, and migra- 
tion of human endothelial cells with potency similar 
to that of DC101 (Zhu et al. 1998, 1999; Li et al. 2005)). 
However, testing antibody 1C11 in vivo in standard 
tumor models was not possible because of a lack 
of cross-reactivity with murine VEGFR2. Investiga- 
tion of antibody cross-reactivity with other species 
indicated that the antibody cross-reacts with dog 
and monkey VEGFR2. When administered to these 
animals, 1C11 was shown to neutralize pathologi- 
cal and physiological angiogenesis in models of dog 
retinopathy (McLeod et al. 2002) and rhesus monkey 
ovarian follicle development (Zimmermann et al. 
2002). Furthermore, 1C11 inhibited VEGFR2 sig- 
naling in human VEGFR2-positive leukemia cells. 
In a mouse xenograft model of human leukemia, 
1C11 prolonged survival by acting directly on the 
VEGFR2-positive leukemia cells and inhibiting 
their growth (Dias et al. 2000, 2001). Collectively, 
these in vivo studies provided convincing evidence 
that 1C11 is capable of potently blocking VEGFR2 
signaling in vivo and thus can be expected to inhibit 
tumor angiogenesis in cancer patients. ImClone Sys- 
tems entered 1C11 into a phase 1 clinical trial with 
patients suffering from advanced solid tumors. The 
results showed that the 1C11 antibody had an accept- 
able pharmacokinetic and safety profile in humans 
up to the highest dose tested (8 mg/kg) (Posey et al. 
2003). In parallel, ImClone Systems also developed 
a second generation of fully human anti-VEGFR2 
antibodies using human Fab antibody libraries for 
identifying suitable candidates. From this work 
emerged antibody 2C6 (Lu et al. 2003b; Zhang et al. 
2004). The binding affinity and potency of 2C6 was 
further improved by light-chain shuffling (Lu et al. 
2003b). The resulting fully human antibody 1121B 
was found to be several times more potent in vitro 
and in vivo than 1C11 and 2C6 (Lu et al. 2003b; Zhu 
et al. 2003) and entered clinical phase 1 trials in 
January 2005. 

The antibody-binding site of 1C11 and 1121B is 
located within the first three N-terminal Ig-like do- 
mains of the receptor, where VEGF is known to bind 


Vascular Endothelial Growth Factor Receptor Antibodies for Anti-Angiogenic Therapy 


(Lu et al. 2000, 2002a). Binding to Ig-like domain III 
of the receptor was found to be necessary and suf- 
ficient for effective neutralizing antibody action (Lu 
et al. 2002a; Li et al. 2004b). 

UCB Celltech is developing another VEGFR2 
antibody for cancer indications. This antibody, 
CDP-791, is a humanized F(ab’), antibody fragment 
conjugated to polyethylene glycol for longer serum 
half-life. It is currently in phase II clinical testing 
in patients with non-small-cell lung carcinoma, in 
combination with standard chemotherapy (www. 
clinicaltrials.gov). 

A limited number of human tumor cells have been 
reported to express VEGFR2 (e.g., melanoma, leu- 
kemia, mesothelioma). The role of VEGFR2 in these 
tumor cells is unclear. However, it appears that at 
least in leukemia and mesothelioma VEGFR2 can be 
functional and that inhibition of this function can 
delay tumor growth (Dias et al. 2000, 2001; Masood 
et al. 2003). Treatment of VEGFR2-positive tumors 
with VEGFR2 inhibitors may therefore be particu- 
larly beneficial because of the expected dual action 
of these inhibitors: tumor growth would be inhib- 
ited by the inhibitor’s paracrine action on tumor en- 
dothelium and by its autocrine action on tumor cells 
(Fiedler et al. 1997; Dias et al. 2000, 2001; List et al. 
2004). Dias et al. (2000, 2001) showed elegantly, by 
using combination therapy with anti-mouse DC101 
(for paracrine anti-angiogenic action) and anti-hu- 
man 1C11 or 1121B (for autocrine anti-tumor action), 
that survival of immunodeficient mice xenotrans- 
planted with VEGFR2-positive leukemia was pro- 
longed strongly with the combination of paracrine 
and autocrine effects. VEGFR2 pathway inhibitors 
such as antibody 1121B could therefore be agents of 
choice to treat VEGFR2-positive human leukemias 
because of their ability to simultaneously inhibit 
both mechanisms. 

Others have also created human anti-VEGFR2 
antibodies for various purposes. These include 
non-neutralizing antibodies or antibody scFv frag- 
ments for targeting KDR-positive vasculature with 
cytotoxic agents or liposomes (Backer and Backer 
2001; Backer et al. 2002, 2004; Popkov et al. 2004; 
Rubio-Demirovic et al. 2005), non-neutralizing scFv 
fragments for the isolation of VEGFR2-positive cells 


such as circulating endothelial cells or bone mar- 
row-derived endothelial progenitor cells (Boldicke 
et al. 2001), and a neutralizing antibody for cell sig- 
naling studies (Kanno et al. 2000). 


Anti-VEGFR1 Antibodies 


VEGFR1 and VEGFR2 have much in common: they 
have similar structures, share the same activating 
ligand, are both expressed in endothelial cells, and 
are both involved in blood vessel formation in ma- 
jor ways. Nevertheless, elucidation of the precise 
functions of VEGFR1, unlike those of VEGFR2, in 
the angiogenic process proved to be rather difficult. 
While the major function of VEGFR2 was quickly 
recognized as that of a typical growth factor recep- 
tor, namely to govern endothelial cell proliferation, 
a clear role for VEGFRI in endothelial cell function 
remains elusive because of seemingly contrasting 
findings. For example, how can it be that VEGFR1 
gene deletion causes death in utero because normal 
vasculature is not formed, but transgenic mice ex- 
pressing a functionally defective VEGFRI lacking 
the intracellular kinase domain develop normally? 
Or, how is it possible that VEGFRI1-specific ligands 
such as PIGF or VEGF-B can induce angiogenesis, 
and neutralizing antibodies against VEGFR1 can 
block angiogenesis, yet evidence suggests that sig- 
naling through VEGFRI1 in endothelial cells is sig- 
nificantly lower than that of VEGFR2? Despite such 
contradictory findings, efforts to define VEGFRI 
function have led to an emerging picture that reveals 
unexpected complexity of VEGFR1 function. In con- 
trast to VEGFR2, whose angiogenic role is largely 
restricted to endothelial cell function, VEGFRI1 is 
expressed in other cell types where it may function 
to regulate cellular activities that support the pro- 
cess of neovascularization. 

Much of the work that has contributed to this 
emerging understanding of VEGFRI biology was 
enabled by the availability of function-blocking 
antibodies against VEGFRI. As with anti-VEGFR2 
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antibodies, scientists at ImClone Systems generated 
the antibodies MF1 and 6.12 against murine and hu- 
man VEGERI, respectively, and made them widely 
available for biological investigation. 

Many investigators, using a variety of animal 
models, have found that function-blocking anti- 
VEGER1 antibodies (MF1 and others) inhibit angio- 
genesis (Wuetal. 2001; Carmelietetal.2001;Lydenet 
al. 2001; Luttun etal. 2002; Silvestre etal. 2003; Wang 
et al. 2004; Yoshiji et al. 2004a; Ohki et al. 2005; 
Heissig et al. 2005). MF1 treatment inhibited an- 
giogenesis as determined by reduction of micro- 
vascular density in tumor or Matrigel implant 
models. Moreover, MF1 inhibited the growth of 
human tumor xenografts in mice. This effect was 
attributable solely to the anti-angiogenic action 
of MF1, because the anti-mouse antibody does 
not cross-react with human VEGFRI and there- 
fore cannot act directly on human tumor cells in 
these models. Typically, MF1 effects on various 
measures of angiogenesis are qualitatively similar 
to those seen with DC101, although MF1 potency 
was often found to be inferior to that of DC101 (Wu 
et al. 2001; Luttun et al. 2002; Wang et al. 2004). 
For the most part, these studies did not address 
the question of whether the antibody blocked 
VEGEFR1 function in angiogenic endothelium. In- 
stead, several studies provide evidence for indirect 
mechanisms. MF1 appears to block the mobiliza- 
tion into the general circulation of various types 
of bone marrow-derived cells, such as hematopoi- 
etic stem cells, endothelial progenitor cells (EPCs), 
and inflammatory cells (Stefanik et al. 2001; Lyden 
et al. 2001; Luttun et al. 2002; Heissig et al. 2005; 
Ohki et al. 2005). The concept of VEGFR1-medi- 
ated inhibition of bone marrow cell mobilization 
is consistent with the findings that MF1 reduced 
influx of inflammatory cells into inflamed tis- 
sue, e.g., in models of atherosclerosis (Luttun 
et al. 2002), arthritis (Luttun et al. 2002; de Bandt 
et al. 2003), and psoriasis-like skin inflammation 
(Kunstfeldt et al. 2004). MFl-induced inhibition of 
bone marrow-derived cell mobilization is also con- 
sistent with the delayed hematopoietic reconstitu- 
tion in mice after myelosuppression induced by 
5-FU treatment (Hattori et al. 2002), with reduced 


macrophage infiltration in tumor tissue (Stefanik 
et al. 2001), and with disease amelioration seen ina 
genetic model of arthritis dependent on bone mar- 
row-derived osteoclasts (de Bandt et al. 2003). 

The notion that tumor-derived VEGF may stimu- 
late tumor angiogenesis via VEGFR1 by enabling the 
recruitment of bone marrow-derived cells implies 
two possible mechanisms for VEGFRI antibody ac- 
tion. One mechanism is based on the recruitment 
of EPCs into the general circulation. These cells are 
VEGFRI1-positive, but it is unclear whether or not in- 
hibition of mobilization by antibodies is caused by 
direct action on EPCs (inducing their mobilization) 
or on other VEGFR1-positive cells in the bone mar- 
row that facilitate the mobilization of EPC. While 
the origin, identity and precise function of EPCs 
remains unclear, there is good evidence from bone 
marrow transplantation experiments in mice that 
mobilized EPCs mature into so-called circulating 
endothelial cells (CEPs), which are integrated into 
tumor vessels during angiogenesis (Ribatti 2004; 
Hicklin and Ellis 2005). It seems, however, that 
blood concentration of EPCs/CEPs and the extent 
of integration vary widely, depending on disease 
and models studied, from zero (Gothert et al. 2004) 
to <0.1-50% (Ribatti 2004; Yamamoto et al. 2004). 
The molecular mechanism(s) that govern EPC re- 
lease from bone marrow are not well understood. 
It is thought to be regulated, at least in part, by the 
activation of metalloproteinases that induce the re- 
lease of Kit ligand to facilitate egress of cells from 
the marrow to the circulation (Hiratsuka et al. 2002; 
Rabbany et al. 2003). The other mechanism is based 
on the recruitment of inflammatory cell precursors 
from the bone marrow. Inflammatory/immune cells 
(e.g. macrophages, monocytes, neutrophils, mast 
cells) infiltrate inflammatory (angiogenic) sites in- 
cluding tumors, where they release VEGF and other 
angiogenic factors in order to stimulate neovascu- 
larization (Stefanik et al. 2001; Yu and Rak 2003; 
Robinson and Coussens 2005; Lewis and Murdoch 
2005; Heissig et al. 2005; Ohki et al. 2005; Sho et al. 
2005; Lewis and Pollard 2006). Inhibition of VEGF- 
dependent mobilization of such cells from the bone 
marrow with MF1, but not VEGFR2 antagonists, will 
reduce the influx of inflammatory cells to angio- 
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genic sites, with concomitant reduction in availabil- 
ity of pro-angiogenic cytokines (Luttun et al. 2002; 
de Bandt et al. 2003). 

These mechanisms explain how VEGER1 inhibi- 
tion can reduce tumor angiogenesis. It is not clear, 
however, to what extent these mechanisms con- 
tribute to overall angiogenesis in a tumor. Avail- 
able evidence suggests that a larger fraction of 
newly generated tumor endothelium derives from 
VEGFR2-driven endothelial cell proliferation. 
This is consistent with findings that angiogenesis 
and associated tumor growth are generally inhib- 
ited to a lesser degree by VEGFRI inhibitors than 
by VEGFR2 inhibitors and that the inhibitory ef- 
fect of anti-VEGFR1 therapy can be enhanced with 
VEGFR2 inhibitors (Yoshiji et al. 2004b; Wang et al. 
2004). These mechanisms also do not address the 
question of the role of endothelial VEGFR1 in tumor 
vessels. Does VEGF stimulate these cells by activat- 
ing not only VEGFR2 but also VEGFR1 in tumor en- 
dothelium, and if so, what is the cellular response 
to VEGFRI stimulation? While there is evidence for 
a signaling role of VEGFR1 in angiogenic endothe- 
lium (Seetharam et al. 1995; Kanno et al. 2000), there 
are also conflicting results (Koolwijk et al. 2001; Cai 
et al. 2003), making data difficult to interpret. More 
recent studies are interesting as they reveal complex 
aspects of VEGFRI signaling in endothelial cells. 
Studies with the VEGFRI-specific ligands PIGF 
or VEGF-B revealed that VEGFR1 can trigger the 
PI3-kinase/akt signaling pathway, thereby possibly 
supporting angiogenesis by prolonging endothelial 
survival signals and enabling vascular maintenance 
during angiogenesis (Cai et al. 2003). RNA interfer- 
ence studies showed that VEGFRI inhibition caused 
decreased expression of VEGFR2, suggesting that 
VEGFR1 signaling determines VEGFR2 abundance 
and the associated ability of endothelial cells to pro- 
liferate (Kou et al. 2005). Furthermore, PIGF was 
found to induce phosphorylation of VEGFR2 (al- 
though it cannot bind to this receptor), implying in- 
termolecular cross-phosphorylation of VEGFR2 by 
VEGFRI1 within a VEGFR1/2 heterodimer receptor 
complex (Autiero et al. 2003). Further evidence for 
a signaling heterodimer receptor derives from stud- 
ies with anti-VEGFR oligonucleotides (Neagoe et al. 


2005). In conclusion, the emerging picture of how 
VEGFRI helps to regulate angiogenesis is complex. 
It is plausible to suggest, based on currently avail- 
able data, that VEGFR1 plays a role in tumor angio- 
genesis both in the tumor endothelium and via its 
function on tumor-associated myeloid cells. In view 
of potential clinical applications of anti-VEGFRI an- 
tibodies, a better understanding of the underlying 
mechanisms of VEGFR1-mediated angiogenesis is 
important. 

VEGFR1 is also expressed on various non-endo- 
thelial cells. There is increasing evidence that the 
receptor is prevalent on human tumor cells, e.g., in 
breast (Wu et al. 2003, 2006), colorectal (Fan et al. 
2005), and pancreas carcinoma (Wey et al. 2005), as 
well as in leukemia (Fragoso et al. 2006), myeloma 
(Vincent et al. 2005), and lymphoma (Wang et al. 
2004). There is also clear evidence that VEGFRI- 
specific agents such as PIGF induce signaling in 
VEGFRI-positive tumor cells via the map kinase, 
jnk, and akt pathways and that the anti-VEGFRI an- 
tibody 6.12 inhibits signaling and resulting tumor 
cell functions such as proliferation, migration, and 
invasion (Wu et al. 2003, 2006; Wang et al. 2004; Fan 
et al. 2005; Vincent et al. 2005; Wey et al. 2005). Anti- 
body 6.12 also inhibited epithelial-to-mesenchymal 
transition in pancreatic carcinoma cells (Yang et 
al. 2006). Since 6.12 is specific for human VEGFR1 
and does not cross-react with the murine receptor 
and therefore cannot inhibit tumor angiogenesis in 
these mouse models, the data suggest that the anti- 
body may inhibit tumor growth in xenograft tumor 
models by direct inhibition on tumor cells. Indeed, 
the antibody showed strong tumor growth inhibi- 
tory activity in breast cancer and lymphoma models 
(Wu et al. 2003, 2006; Wang et al. 2004). Even bet- 
ter anti-tumor effects were achieved with human 
xenograft tumor models when animals were simul- 
taneously treated with 6.12 (against human tumor 
cells) and MF1 (against murine tumor vasculature) 
(Wu et al. 2003, 2006; Wang et al. 2004). As with the 
treatment of certain VEGFR2-positive tumors with 
VEGFR2 inhibitors (Dias et al. 2000, 2001), the dual 
action of anti-VEGFR1 may be clinically exploited 
for treatment of VEGFRI-positive tumors. Since the 
frequency of VEGFR1 expression on human tumors 
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is more extensive than that of VEGFR2, treatment 
of such tumors with anti-VEGFR1 agents may pro- 
vide a desirable therapeutic avenue. Clinical studies 
will have to show to what extent the anti-angiogenic/ 
anti-tumor dual action of VEGFR1 antibodies will 
translate into real therapeutic benefit for patients 
with VEGFRI-positive tumors. 

A fully human anti-VEGFR1 antibody, 18F1, has 
been generated (Wu et al. 2004), and phase I clini- 
cal trials have been initiated (www.imclone.com) to 
treat patients with VEGFR1-positive tumors, such as 
breast carcinoma, via a dual anti-tumor/anti-angio- 
genesis action (Wu et al. 2005). 


Anti-VEGFR3 Antibodies 


VEGFR3, the third member of the VEGFR family, 
and its ligands VEGF-C and VEGF-D are recognized 
as playing a major roles in the development and 
maintenance of lymphatic vasculature and in the 
regulation of abnormal lymphangiogenesis in can- 
cer and other diseases (for reviews see Jussila and 
Alitalo 2002; Stacker et al. 2002; Alitalo and Carme- 
liet 2002; Pepper et al. 2003; Alitalo et al. 2005; He et 
al. 2004). Stimulation of VEGFR3 with VEGF-C/D or 
inhibition of VEGFR3 function is thought to affect 
primarily the lymphatic system. However, VEGF- 
C/D can also interact with VEGFR3 or VEGFR2 ex- 
pressed in normal angiogenic vasculature (Kubo et 
al. 2002; Patila et al. 2006) and tumor endothelium 
(Karpanen et al. 2001; Tsurusaki et al. 1999; Kubo et 
al. 2000) to stimulate angiogenesis. Recent evidence 
is also suggests that VEGFR3 may have hitherto un- 
known functions in other tissues (e.g., neural pro- 
genitor cells, Le Bras et al. 2006). 

Since the role of the lymphatic system in metas- 
tasis is well established, VEGFR3 is considered a 
potential therapeutic target for inhibiting metasta- 
sis. Scientists from ImClone Systems began to ex- 
plore possible therapeutic applicability of VEGFR3 
inhibitors by creating function-blocking antibod- 
ies against mouse and human VEGFR3. These an- 


tibodies were shown to potently block the binding 
of VEGF-C to VEGFR3. The anti-mouse antibody 
mF4-31C1 inhibited regeneration of lymphatic ves- 
sels after ablation in a mouse tail skin model with- 
out affecting new blood vessel formation (Pytowski 
et al. 2005). It also completely suppressed the growth 
of lymphatic vessels, but not blood vessels, in a my- 
coplasma-induced airway inflammation model 
(Baluk et al. 2005). In contrast, another function- 
blocking rat anti-mouse antibody, AFL-4, has been 
shown to inhibit blood vessel formation in corneal 
angiogenesis and tumor growth models (Kubo et al. 
2000, 2002). Antibody mF4-31C1 also blocked tumor 
growth in renal and colorectal carcinoma xenograft 
models, and in the mouse Lewis lung carcinoma 
(Tonra et al. 2005) to a considerable extent. In the 
renal carcinoma model, the antibody strongly sup- 
pressed density of lymph vessels, by 78%, but also 
reduced tumor microvessel density by 30%, sug- 
gesting that tumor growth inhibition is mediated 
by VEGFR3 in the tumor microvasculature (Tonra 
et al. 2005). As expected, the antibody inhibited me- 
tastases in a VEGF-C-overexpressing breast carci- 
noma xenograft model (Roberts et al. 2006) and in 
Lewis lung carcinoma (Tonra et al. 2005). Interest- 
ingly, in the study by Roberts et al. (2006), the anti- 
body was more effective when animals were treated 
in a preventive mode (start of therapy at time of 
tumor inoculation) than in an interventional mode 
(start of therapy after establishment of metastases). 
In contrast, other investigators (Tonra et al. 2005) 
found no such difference using the Lewis lung car- 
cinoma model. This suggests that the antibody may 
reduce the growth of metastases by inhibiting me- 
tastasis neovascularization rather than by inhibiting 
the metastatic process itself. It remains to be deter- 
mined, therefore, whether VEGFR3 inhibition con- 
stitutes a true anti-metastatic therapeutic avenue. 
As discussed earlier, the VEGFR2 inhibitor DC10] 
also inhibits metastasis. In one metastasis model 
where the two antibodies were compared (Roberts 
et al. 2006), the VEGFR3 antibody was more effec- 
tive than the VEGFR2 antibody. However, in these 
studies tumor cells were engineered to overex- 
press VEGF-C, so the model may be biased towards 
VEGFR3-mediated function. Again, it is unclear to 
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what extent inhibition of lymphangiogenesis rather 
than angiogenesis contributed to the inhibition of 
metastatic growth or development. 

The fully anti-human VEGFR3 antibody, hF4- 
3C5, was shown to have potent and specific inhibi- 
tory activity against VEGFR3 signaling in human 
and bovine endothelial cells (both expressing 
VEGFR3) and to prevent mitogenesis, migration and 
vitro tube formation of endothelial cells (Persaud et 
al. 2004; Nilsson et al. 2004). Since in vivo efficacy 
of this antibody will be difficult if not impossible 
to study in normal laboratory animals, because of 
lack of species cross-reactivity, these in vitro tests 
may be crucial in defining the usefulness of this or 
other non-cross-reacting antibodies in human ex- 
ploratory anti-VEGFR3 therapeutic studies. 


Outlook 


24.5.1 
Comparison of Approaches to Block VEGF 
Pathway Signaling 


Now that the ongoing clinical experience with the 
VEGF antibody bevacizumab is defining a new 
standard for future anti-angiogenic agents, an im- 
portant question is what one may expect from the 
anti-VEGFR2 antibodies and small molecules now 
in all stages of clinical development. Can lessons 
learned from recent phase III trials with bevaci- 
zumab (Jain et al. 2006) be applied to new anti- 
angiogenesis agents currently under development? 
Although we cannot answer these questions today, 
since experience with bevacizumab is still limited 
and the VEGFR2 inhibitors have not progressed 
sufficiently in the clinical setting, it is tempting to 
consider potential relative advantages and disad- 
vantages of anti-VEGF and anti-VEGER agents. All 
these agents share a principal mechanism of action, 
the inhibition of mitogenic and survival signaling 
in endothelial cells, and are potent inhibitors of tu- 


mor growth in animal models. It is therefore not 
expected that these agents would substantially dif- 
fer in efficacy. Nevertheless, there are differences 
between the two approaches that could potentially 
have a distinguishing effect in therapy. Anti-VEGF 
antibodies do not only block theVEGFR2 pathway, 
they also interfere with VEGFR1 signaling in endo- 
thelial and/or other cells. Therefore, since VEGFR1 
contributes to angiogenesis by several mechanisms 
that are not shared with VEGFR2, a VEGF antagonist 
could be a more effective angiogenesis inhibitor. On 
the other hand, blockade of an additional pathway 
could give rise to pathway toxicities, thus rendering 
an anti-VEGF agent less desirable. Another potential 
difference between anti-ligand and anti-receptor 
antibodies derives from how VEGFs are delivered to 
its receptors on endothelium. VEGFs are produced 
and secreted abundantly by tumor cells. As hepa- 
rin-binding growth factors, they are sequestered in 
large part by heparan sulfate proteoglycans in the 
interstitial or pericellular space where freely soluble, 
active VEGFs exist in dynamic equilibrium with 
various forms of VEGF/heparan sulfate complexes 
(soluble or insoluble, active or inactive). It may be 
difficult for an antibody to completely neutralize all 
ligand forms of VEGF efficiently unless the antibody 
is present in large excess. In contrast, VEGFR2 is 
expressed in low abundance on the abluminal side 
of endothelial cells even in activated tumor endo- 
thelium. Antibodies can easily reach these recep- 
tors, especially in the leaky tumor vessels, and block 
VEGF access to the receptors. As theoretical as these 
arguments are, it is possible that such differences 
- and others, such as those associated with unique 
antibody affinities and kinetics - could render one 
antibody type advantageous over the other. No ob- 
vious differences have become apparent in animals 
studies; however, but it should be appreciated that 
careful comparison of antibodies has not been un- 
dertaken. Differences may be difficult to pick up in 
clinical studies, given that preclinical data have not 
as yet steered investigators towards appropriate and 
measurable pharmacodynamic parameters. 
Potential differences in efficacy and/or safety 
between VEGFR2 inhibitory antibodies and small- 
molecule VEGFR2 kinase inhibitors are also not 
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known because appropriate comparative studies 
have not been carried out. Although antibodies 
and kinase inhibitors are both highly efficacious 
and without overt signs of toxicity in laboratory 
animals, it is more likely that differences in effi- 
cacy and/or safety will be observed as the develop- 
ment various agents progresses into more advanced 
phases of clinical study. There are several differen- 
tiating factors. Most importantly, small molecules 
generally lack strict target specificity; they tend to 
also inhibit the activity of closely related kinases 
(such as VEGFR1 and VEGFR3), and they even af- 
fect functionally more distant kinases in rather un- 
predictable manner. Such lack of specificity clearly 
increases the potential for adverse effects. However, 
drug developers now increasingly see the lack of 
specificity for small-molecule kinase inhibitors as 
a potential benefit, since potent VEGFR2 kinase in- 
hibitors may serendipitously target other cancer-rel- 
evant kinases. Such molecules are now considered 
as potentially more effective anti-cancer drugs, and 
the number of dual- or even multi-targeted kinase 
inhibitors entering clinical trials is increasing, 
Whether benefits from multi-targeting outweigh in- 
creased toxicity liability cannot be assessed at this 
time, due to our persisting poor understanding of 
the side-effect issues of broader kinase inhibition. 
Another distinguishing factor between antibod- 
ies and small molecules is off-target toxicity due to 
unpredictable drug interference with mechanisms 
unrelated to the intended mechanism of action. In 
this respect, small molecules must be considered as 
being potentially disadvantageous. Toxicity from 
antibodies is usually mechanism-based; there are 
few known occurrences of random toxicities other 
than occasional hypersensitivity/anaphylactoid re- 
actions. In contrast, small molecules carry a larger 
risk of toxicity because of their higher propensity to 
randomly interact with proteins and thus potentially 
interfere with unintended biological regulatory sys- 
tems. Most likely, the relative advantages and dis- 
advantages of anti-VEGFR2 antibodies and small 
molecule inhibitors will be determined in advanced 
clinical trials, and winners or losers will emerge 
randomly for some time to come. Antibodies, due 
to their specificity and relative lack of toxicity will 


probably advance through clinical trials more pre- 
dictably, and increasingly establish their presence 
in cancer therapy. However, the clinical and com- 
mercial success of Gleevec® (imatinib mesylate), a 
multi-targeted kinase inhibitor of the bcr-abl, kit, 
and PDGFR kinases for treatment of chronic my- 
eloid leukemia and gastrointestinal stromal tumors, 
has inspired drug developers who now seek to du- 
plicate this success with other compounds against 
other cancer-relevant kinases, including angiogenic 
kinases. 


24.5.2 
Potential for Adverse Effects 


VEGER pathway inhibitors and all other angiogen- 
esis inhibitors share a potential for obvious adverse 
effects with regard to required blood vessel forma- 
tion, e.g., during wound healing or the female re- 
productive cycle. Bevacizumab has been reported to 
impair surgical wound healing in colorectal patients 
(Scappaticci et al. 2005) and bone growth in mon- 
keys (Ryan et al. 1999), and anti-VEGF and -VEGFR2 
antibodies inhibit angiogenesis-dependent female 
reproductive functions in monkeys (Zimmermann 
et al. 2001b, 2002) and mice (Zimmermann et al. 
2001a, 2003; Pauli et al. 2005). These side effects are 
generally of little clinical concern because situations 
that would give rise to them are usually avoidable or 
manageable. From the now considerable experience 
with adverse effects from bevacizumab treatment it 
is apparent, however, that certain similar toxicities 
are likely to occur with VEGFR2 pathway inhibitors 
as well, including hypertension, proteinuria, and 
bleeding. There is evidence that hypertension and 
proteinuria are mechanism-based toxicities. Hy- 
pertension is believed to be caused by inhibition of 
VEGFR2-mediated release of nitrous oxide from en- 
dothelial cells (Jin et al. 2003). Proteinuria may be a 
result of interfering with normal VEGFR2-regulated 
permeability function of fenestrated endothelium 
in the kidney (Kitamoto et al. 2001; Sugimoto et al. 
2003). These adverse effects were generally mild to 
moderate with bevacizumab and reversible upon ces- 
sation of therapy (Gordon and Cunningham 2005). 
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More importantly, the trials with bevacizumab re- 
vealed rare and sometimes severe adverse events, 
including gastrointestinal perforations, thrombo- 
embolic events and life-threatening or lethal bleed- 
ing. The mechanisms that lead to minor bleeding 
and gastrointestinal perforations are not clear. The 
cause of thromboembolism in patients undergoing 
combination therapy involving anti-VEGF antibod- 
ies is also unclear. Severe bleeding events, mostly 
seen in small-cell lung cancer where they tend to 
occur in the larger airways, may be related to desta- 
bilization and sudden failure of large but immature 
blood vessels in the core of tumors when the tumor 
regresses quickly in response to therapy. There is 
now also concern about increased risk of congestive 
heart failure (Jain et al. 2006) caused by combina- 
tion treatments involving bevacizumab. Although 
rare, this toxicity is potentially life-threatening, and 
it seems to be mechanism-based. Inhibition of both 
VEGFR1 and VEGFR2 pathways has been shown to 
impair collateral blood vessel formation in animal 
models of ischemia (Luttun et al. 2002; Fernandez 
et al. 2004). Cancer patients undergoing treatment 
with anti-VEGF/R therapy who also have ischemic 
heart disease may therefore have an elevated risk of 
related adverse events. 

Will VEGFR2 inhibitors have adverse event pro- 
files similar to those of bevacizumab? Our under- 
standing of VEGFR biology would suggest that there 
is at least the potential for comparable toxicity. Per- 
haps VEGFR2-based therapies may not show certain 
toxicities if these are based on a mechanism involv- 
ing VEGF-RI1. This could be true, for example, with 
cancer patients who have ischemic heart disease. 
As mentioned above, collateral vessel formation 
may be dependent not only on VEGFR2, but also on 
VEGFR1. The VEGFRI-specific ligand VEGF-B is 
expressed strongly in myocardial tissue (Oloffson 
et al. 1996) and appears to be involved in normal 
cardiac and coronary vessel function (Bellomo et al. 
2000; Aase et al. 2001). It is therefore possible that 
treatment with bevacizumab, which blocks both 
the VEGFR1 and VEGFR2 pathways, would have a 
greater detrimental effect than therapy with a pure 
VEGFR2 inhibitor in patients with heart ischemia. 
VEGFR1 also mediates bone marrow reconstitution 


after chemotherapy-induced myelosuppression, and 
it is thus conceivable that drugs interfering with 
VEGFRI signaling might cause clinically undesir- 
able impairment of bone marrow recovery in cer- 
tain therapeutic regimens involving myelosuppres- 
sive chemotherapy. If so, an anti-VEGFR2 inhibitor 
might provide a therapeutic advantage. It must be 
pointed out, though, that there is currently no evi- 
dence that such theoretical arguments have any base 
in clinical reality. 

As our knowledge grows, new findings may alert 
us to additional causes of potential toxicity. Re- 
cently, it has been established that VEGF also acts 
on neurons and other CNS cells. As with vascular 
cells, VEGF provides a survival signal to these CNS 
cells. In test systems in vitro and in vivo, VEGFs 
have been shown to have neuroprotective properties 
which seem to be mediated by all VEGF receptors 
(Zachary 2005; Le Bras et al. 2006). It is currently 
unknown whether and how such activities could af- 
fect clinical safety. Related adverse effects have not 
been reported so far and may not be of much con- 
cern with therapy based on antibodies, because an- 
tibodies do not generally penetrate the blood-brain 
barrier unless it is locally compromised by tumors 
and events of acute ischemia (stroke). However, in- 
terference with VEGF-mediated neuroprotection 
might be an issue for patients with clinical signs of 
neurodegeneration who undergo chronic treatment 
of malignancies with small-molecule VEGFR inhibi- 
tors (which cross the blood-brain barrier). Again, 
this is a purely speculative issue, and it would prob- 
ably be difficult to demonstrate such risks in the 
clinic. However, it is possible that animal studies 
could address this potential risk and provide a basis 
for assessing the relevant risks of drug classes and 
individual drugs. 


24.5.3 
Future Trends in Antibody Technology 


Broad acceptance of monoclonal antibodies in can- 
cer therapy has required a long-term, persistent 
effort to overcome many significant technical hur- 
dles from the discovery of monoclonal antibodies 
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in mice in the 1970s to the large-scale commercial 
manufacturing of fully human antibodies and their 
approval for human therapy by health regulatory 
agencies worldwide. Today, antibodies are being 
recognized as highly efficacious and safe drugs, 
and they are increasingly penetrating the cancer 
drug market. Antibodies are not without short- 
comings, however. They are not orally active and 
require weekly or biweekly infusion in the setting 
of cancer therapy; they are difficult and expensive 
to manufacture, as their production requires spe- 
cialized technology; and they generate significant 
cost burdens for consumers and health care sys- 
tems (costs can be as high as $100,000 per patient- 
year for some widely used anti-cancer antibodies 
(New York Times, 15 February 2006). 

Therefore, the use of antibodies in the clinic 
will continue to evolve. For example, additional 
function-blocking antibodies against other cancer 
targets will win regulatory approval. Monoclonal 
antibodies or fragments thereof will also increas- 
ingly be used as the “magic bullets” for delivery of 
cytotoxic agents to tumor cells with high specific- 
ity. While the magic-bullet concept constituted the 
original therapeutic promise of antibodies, and a 
few such antibodies are now marketed, progress 
has been slow in this area because of difficulties 
with cytotoxic agents as well as limited target 
choices in the pre-genome environment. With im- 
provements in technology, target selection, and the 
rather finite availability of opportunities for highly 
effective function-blocking antibodies, efforts 
to generate magic bullets are continuing. In the 
context of tumor angiogenesis, VEGFR2 has at- 
tracted interest as a target for magic bullets owing 
to its selective expression on tumor endothelium 
(Backer and Backer 2001; Backer et al. 2002; Renno 
et al. 2004). It is questionable, however, whether 
potentially significant toxicity hurdles posed by 
the presence of background levels of VEGFR2 in 
normal vasculature and high expression in some 
specialized vascular beds (e.g., in kidney glomer- 
uli) can be overcome by most approaches. 

Increasingly, there is a perception of potentially 
increased therapeutic value for therapies that 
combine two biological treatments (e.g., two an- 


tibodies against two tumor targets), or are based 
on multi-targeted small molecules. Antibody engi- 
neering techniques allow the combination of dif- 
ferent target-recognizing antibody domains (scFv 
or fab fragments) in a single molecule in various 
ways (e.g., Zuo et al. 2000; Lu et al. 2002b, 2003a). 
With such bispecific antibodies a single molecule 
can simultaneously inhibit two different functions 
of a tumor cells, thus increasing its anti-tumor ac- 
tivity. Bispecific tetravalent antibodies have been 
tested in vivo in mouse xenograft tumor models 
and in some instances shown to be as efficacious as 
the treatment with the two corresponding mono- 
specific antibodies, and more efficacious than each 
mono-specific antibody alone (Lu et al. 2005). In 
proof-of-concept studies, several bispecific anti- 
bodies related to VEGF receptors have been created 
in various formats, combining VEGFRI/R2 (Lu 
et al. 2001) and VEGFR2/R3 (Jimenez et al. 2005). 
They possess the expected in vitro characteristics 
(comparable potency in regard to monospecific 
antibodies); however, they are directed against hu- 
man receptors and thus largely unsuitable for study 
in standard animal tumor models for assessment 
of their supposedly superior efficacy. Furthermore, 
the production of large quantities of such antibod- 
ies is still difficult. Regardless, bispecific antibod- 
ies may be of considerable clinical interest since 
they offer the potential to increase the clinical util- 
ity of antibody drugs. 

Improved gene transfer methods targeting spe- 
cific cell types may lead to increased generation and 
in vivo testing of novel engineered antibodies, the 
so-called intrabodies. Intrabodies are expressed 
in cells of interest after therapeutic transfer of 
antibody genes. These antibodies can be made in 
various formats, ranging from single-domain anti- 
bodies to bispecific diabodies. Importantly, intra- 
bodies can be targeted against intracellular targets, 
for example, phosphorylated or unphosphorylated 
mediators of signal transduction, nuclear receptors 
and transcription factors (Kontermann 2004; Paz 
et al. 2005; Stocks 2005). In the context of tumor 
angiogenesis and VEGF receptors, there are sev- 
eral encouraging studies which demonstrate the 
feasibility of this approach (Jendreyko et al. 2003; 
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Wheeler et al. 2003; Popkov et al. 2005; Boldicke et 
al. 2005). If technical hurdles, e.g., therapeutic gene 
transfer, can be overcome, intrabodies may offer 
attractive opportunities for the development of 
safe drugs against many targets that are currently 
only reachable with small-molecule drugs, as well 
as intracellular protein targets that cannot readily 
be attacked with small-molecule drugs. 

Finally, as standard production of monoclonal 
antibodies is expensive, efforts to develop more 
cost-effective production methods will be im- 
portant. In this respect, transgenic methods for 
large-scale protein expression in the milk of farm 
animals, in chicken eggs, or in the roots, leaves, 
or seed of various plants offer promise. Antibod- 
ies have been produced in these organisms and 
studied in considerable detail, but development re- 
mains slow due to significant regulatory hurdles. 
The feasibility of high-level expression of a full IgG 
therapeutic antibody in corn seed has been dem- 
onstrated (Ludwig et al. 2004). In this study, the 
function-blocking anti-EGFR antibody cetuximab 
was produced in aglycosylated and glycosylated 
forms and compared to the mammalian cell cul- 
ture-produced and FDA-approved parent antibody 
cetuximab. The two forms of antibody expressed 
at high levels in corn seed were indistinguishable 
in potency in inhibiting tumor cell proliferation 
in vitro, and both possessed strong anti-tumor 
activity in vivo. Acute-dose primate pharmacoki- 
netic studies, however, revealed a marked increase 
in clearance for the glycosylated corn antibody, 
while the aglycosylated antibody possessed in vivo 
kinetics similar to those of conventionally pro- 
duced cetuximab. The study established that corn- 
derived function-blocking monoclonal antibodies 
possess comparable efficacy to mammalian cell 
culture-derived antibody, and offer a cost-effective 
alternative to large-scale mammalian cell culture 
production. 


Conclusions 


Antibodies are superior tools for in vivo biological in- 
vestigation because of their nearly absolute specificity 
for the intended target. Function-blocking antibodies 
against the VEGF ligand and its receptors have proved 
to be uniquely valuable tools for the elucidation of the 
rather complex biology of VEGF and its receptors in 
tumor development and other physiological or patho- 
logical conditions. Function-blocking anti-receptor 
antibodies have also proved to be important in defin- 
ing the pharmacology of VEGER signaling inhibition 
to an extent difficult or impossible to achieve with 
other means such as anti-ligand antibodies or small- 
molecule VEGFR kinase inhibitors. 

Antibodies have come a long way from being re- 
search tools to becoming major therapies for human 
disease. The regulatory approval of the anti-VEGF 
antibody bevacizumab has provided important 
clinical validation of the larger concept of inhibit- 
ing tumor angiogenesis as a novel way to help com- 
bat cancer. It has also validated the VEGF/VEGFR 
signaling as a target of choice. The validation of the 
hypothesis that function-blocking antibodies could 
be used as therapeutics has contributed to impor- 
tant shifts in the approach to treatment of cancer, 
namely the addition to standard cytotoxic therapy 
of less toxic agents that interfere with tumor mecha- 
nisms. Although now widely recognized as promis- 
ing, the field of anti-angiogenic cancer therapeutics 
is still in an early stage of development. Only a few 
antibodies are approved for therapeutic use or near- 
ing such regulatory clearance, and approval is still 
limited to relatively few indications. VEGFR2 path- 
way inhibitory antibodies show broad therapeutic 
promise. It remains to be seen how other antibod- 
ies against additional angiogenesis targets will add 
benefits over anti-VEGFR2 therapies. 
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Abstract 


Interactions between Tie2, an endothelial 
cell-specific receptor tyrosine kinase, and 
its ligands the angiopoietins have been 
shown to play critical roles in multiple steps 
of angiogenesis and vascular remodeling, 
These include the stabilization of immature 
vessels, the destabilization of mature ves- 
sels, and endothelial cell migration and sur- 
vival. Angiopoietin 1 has been shown to bea 
Tie2 agonist, stimulating autophosphoryla- 
tion and the activation of downstream sig- 
naling pathways responsible for the matu- 
ration and stabilization of the developing 
vasculature. In contrast, angiopoietin 2 is 
largely thought to function as a context- 
dependent antagonist of Tie2 signaling, 
inducing vascular plasticity and sensitivity 
to pro-angiogenic factors such as VEGF-A. 
Furthermore, Ang2 exhibits broad expres- 
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sion in the vasculature of human tumors but 
limited expression in normal tissues, sug- 
gesting it could be an attractive target for 
safe and effective anti-angiogenic therapy. 
Potent and specific antibodies and peptide- 
Fc fusion proteins neutralizing the interac- 
tion between Ang2 and Tie2 have now been 
developed, In a variety of nonclinical stud- 
ies in rodents, treatment with these agents 
resulted in an inhibition of the growth of 
human tumor xenografts and an inhibition 
of VEGF-stimulated corneal angiogenesis. 
In addition, mechanism of action studies 
suggest that Ang2 antagonists achieve ef- 
ficacy by targeting the tumor vasculature. 
Data in support of the clinical utility of 
Ang2 inhibition in the oncology setting is 
currently being collected, with AMG 386, an 
Ang2 inhibitor, having been advanced into 
phase I oncology clinical trials in patients 
with solid tumors. 
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Introduction 


It is well established that tumors must acquire the 
ability to stimulate the formation of new blood ves- 
sels if they are to progress from a small, localized 
growth with limited oxygen and nutrient supply to 
a well-vascularized established, tumor. This has led 
to an extensive effort to identify targets and agents 
for anti-angiogenic therapy. While numerous pro- 
angiogenic factors have been described, extensive 
work performed over the last decade has established 
a critical role for vascular endothelial growth factor 
(VEGF) in the regulation of tumor angiogenesis. 
Promising results have been observed in clinical 
trials with agents targeting the VEGF-VEGEFR axis 
(Ferrara 2005; Ferrara and Kerbel 2005; Jain et 
al. 2006). Bevacizumab, a humanized anti-VEGF- 
A monoclonal antibody, gained FDA approval for 
the treatment of metastatic colorectal cancer in 
combination with 5-fluorouracil (FU)-based che- 
motherapy (Hurwitz et al. 2004). More recently, 
Nexavar and Sutent, ATP-competitive small-mole- 
cule inhibitors of several receptor tyrosine kinases, 
including VEGFR2, were approved for the treat- 
ment of metastatic renal cancer, and GIST in the 
case of Sutent (Strumberg 2005). Several additional 
small-molecule tyrosine kinase inhibitors targeting 
VEGF receptors, including AMG 706 and PTK787, 
are at various stages of clinical development for the 
treatment of a variety of solid tumors (Ferrara and 
Kerbel 2005; Jain et al. 2006). 

Given the complexity and heterogeneity of solid 
tumors, it comes as no surprise to find that not all 
tumors respond to inhibition of VEGF signaling, 
suggesting that alternative pathways can drive tu- 
mor angiogenesis in certain situations. In the clini- 
cal setting there is evidence of acquired resistance 
to inhibition of the VEGF pathway (Ferrara and 
Kerbel 2005; Jain et al. 2006). Proposed mecha- 
nisms of resistance include a shift from VEGF-A 
to other pro-angiogenic growth factors (Sweeney 
et al. 2003; Ferrara and Kerbel 2005), the selec- 
tion of tumor cell populations that are resistant to 
hypoxia induced by anti-angiogenic therapy (Yu 


et al. 2002), and a change in the nature of tumor 
vasculature with resistant tumors being served by 
mature vessels that are not responsive to VEGF 
blockade (Ferrara and Kerbel 2005). A recent pre- 
clinical study by Casanovas et al. (2005) suggests 
that hypoxia-mediated induction of alternate pro- 
angiogenic factors could be a plausible mecha- 
nism by which tumors could develop resistance to 
the inhibition of VEGF signaling. Fibroblasts and 
macrophages associated with the tumor microen- 
vironment may also play a key role in the induc- 
tion of tumor angiogenesis following inhibition of 
VEGF axis by providing a source of pro-angiogenic 
and endothelial cell survival factors. Hypoxia has 
been shown to lead to the recruitment of tumor- 
associated macrophages, which are thought to be 
a rich source of pro-angiogenic factors (Lewis and 
Murdoch 2005). Tumor-associated fibroblasts could 
also contribute to VEGF-independent tumor an- 
giogenesis, via the release of stromal cell-derived 
factor (SDF-1), which is proposed to stimulate the 
recruitment of endothelial progenitor cells to the 
tumor vasculature (Orimo et al. 2005). 

The emerging issue of resistance to VEGF inhibi- 
tion has led to a considerable effort in the angiogen- 
esis field to derive a more complete understanding 
of other pathways that may modulate tumor an- 
giogenesis, as well as efforts to identify other pro- 
angiogenic pathways that may provide alternative 
sources of targets for anti-angiogenic therapies. 

Like the VEGF-VEGEFR axis, the angiopoietin- 
Tie2 pathway is another largely endothelial cell-spe- 
cific system that has been shown, primarily through 
studies in knockout and transgenic mice, to play a 
critical role in vascular development (Thurston 
2002; Eklund and Olsen 2005). Considerable prog- 
ress has been made in investigating the therapeutic 
potential of blocking angiopoietin-Tie2 signaling 
as an anti-angiogenic strategy. In this chapter we 
will review recent work characterizing the angio- 
poietin-Tie2 axis in the developing and adult vas- 
culature and discuss recent observations suggest- 
ing that inhibition of angiopoietin-2 may represent 
an effective strategy for treating pathologic angio- 
genesis in a number of disease settings, including 
cancer, arthritis and macular degeneration. 


Angiopoietin-Tie2 Signaling in the 
Adult and Developing Vasculature 


The angiopoietins consist of a family of four extra- 
cellular ligands that specifically recognize and bind 
to the extracellular domain of Tie2, a largely endo- 
thelial cell-specific receptor tyrosine kinase (Thur- 
ston 2002; Eklund and Olsen 2005). Correct regula- 
tion of Tie2 signaling is required for normal vascular 
homeostasis and maturation, as well as regulating 
vascular remodeling and destabilization (Thurston 
2002; Eklund and Olsen 2005). In addition to a cen- 
tral role in vascular development further studies, 
have suggested a role for Tie2 and the angiopoietins 
in lymphangiogenesis and hematopoiesis (Arai et al. 
2004; Alitalo et al. 2005). 

Of the four angiopoietins, angiopoietin-1 (Angl) 
and angiopoietin-2 (Ang2) are the most thoroughly 
characterized. Angl acts as a Tie2 agonist, stimulating 
the receptor’s phosphorylation and activating down- 
stream signaling pathways (Davis et al. 1996). In con- 
trast, Ang2 is thought to function primarily to antago- 
nize Tie2 phosphorylation (Maisonpierre et al. 1997). 
The downstream consequences of the ligation of Tie2 
by both Angl and Ang? are depicted in Fig. 25.1. 

Much of what we know about the Tie2-angio- 
poietin system comes from the study of genetically 
modified mice (Dumont et al. 1994; Sato et al. 1995; 
Suri et al. 1996; Maisonpierre et al. 1997; Gale et al. 
2002). Tie2 deficiency results in embryonic lethality 
at E10.5, and is associated with cardiac failure and 
vascular abnormalities (Dumont et al. 1994; Sato et 
al. 1995), The vessels of Tie2 null embryos exhibit 
fewer endothelial cells, decreased contact between 
the endothelial cells and the surrounding perivas- 
cular cells (pericytes and smooth muscle cells) and 
failure to remodel the vasculature into large and 
small vessels. This phenotype suggests a role for Tie2 
in the maturation and stabilization of the developing 
vasculature. Ang] was originally identified as a novel 
ligand for Tie2, that was capable of inducing the tyro- 
sine phosphorylation of Tie2 (Davis et al. 1996). Mice 
deficient for Ang] (Suri et al. 1996) die by embryonic 
day 12.5, and display a vascular phenotype similar 
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to that of Tie2-deficient mice. This similarity in phe- 
notypes suggests that Angl is indeed a Tie2 agonist, 
and mediates vascular remodeling and vessel stabi- 
lization via the recruitment of perivascular support 
cells. It is thought that the role of the Ang1-Tie2 axis 
in maintaining vessel stability is conserved through- 
out embryonic development into the adult. 

Considerable effort has gone into increasing our 
understanding of the consequences of the activation 
of Tie2 by Angl. In vitro it has been shown that Ang] 
can act as a survival factor, but not a mitogen for 
endothelial cells, and Ang] is also capable of induc- 
ing endothelial cell motility and sprouting (Eklund 
and Olsen 2005). In an effort to understand how 
Tie2 mediates its pro-angiogenic effects, the iden- 
tification of downstream targets of Tie2 has been a 
subject of intense study. Ligand binding to the ex- 
tracellular domain of Tie2 is thought to result in re- 
ceptor dimerization that facilitates activation of the 
kinase domain and autophosphorylation of specific 
tyrosine residues. The phosphorylated tyrosine resi- 
dues act as docking sites for a number of effectors, 
including the p85 subunit of PI3-K, the protein ty- 
rosine phosphatase SHP2, and the adapter proteins 
GRB2 and Dok-R (Huang et al. 1995; Jones and Du- 
mont 1998; Kontos et al. 1998; Master et al. 2001). The 
interaction of signaling molecules with phosphoty- 
rosine residues leads ultimately to activation of the 
mitogen-activated protein kinase (MAPK) pathway, 
the serine-threonine kinase Akt, and the members 
of the Rho family of small GTP-binding proteins 
(Eklund and Olsen 2005). However, it remains to be 
fully determined as to how signals from distinct Tie2 
effectors are integrated to influence angiogenesis 
and vascular stability. 

Ang? was originally found to bind to Tie2, but not 
stimulate autophosphorylation in endothelial cells 
(Maisonpierre et al. 1997). Transgenic mice overex- 
pressing Ang2 have a phenotype consistent with that 
observed in Tie2- and Angl-null mice, leading to the 
paradigm that Ang2 acts predominantly as a natural 
antagonist of Angl (Maisonpierre et al. 1997). Unlike 
Angl, the postnatal expression of Ang? is relatively 
dynamic and is highest at sites undergoing active 
vascular remodeling, such as the female reproduc- 
tive tract and the tumor vasculature (Maisonpierre 
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et al. 1997; Tait and Jones 2004). An example of the 
high levels of Ang2 present in the tumor vasculature 
is illustrated in Fig. 25.2. However, further study sug- 
gests that Ang2 can indeed stimulate the phosphory- 
lation of Tie2 in endothelial cells in certain contexts. 
For example, when used at high concentrations and 
extended durations in endothelial cells, Ang2 can in- 
duce Tie2 phosphorylation and act as an endothelial 
cell survival factor (Kim et al. 2000). 

Ang2 is expressed by endothelial cells, with high 
levels of Ang2 combined with high levels of VEGF-A 
inducing angiogenic sprouting in a number of dif- 
ferent experimental conditions (Asahara et al. 1998; 
Holash et al. 1999; Lobov et al. 2002; Machein et al. 
2004). In contrast, a low level of VEGF-A relative to 
high levels of Ang2 is associated with vascular regres- 
sion (Lobov et al. 2002). The published observations 
in a variety of experimental systems are consistent 
with a paradigm in which binding of Ang2 does not 
provide a specific pro-angiogenic signal, but rather 
interferes with the Angl-induced vascular stability 
signal and, as a result, makes vessels plastic and sen- 
sitive to the actions of other angiogenic factors such 
as VEGF-A. In support of this model are the observa- 


Fig. 25.1. A schematic 
representation of Angio- 
poietin-Tie2 signaling, 
and subsequent biologi- 
cal effects of Tie2 ligation 
by either Angl or Ang2 


TIE2 phosphorylation 
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tions that Ang2 promotes VEGF-induced angiogen- 
esis in a variety of experimental systems, including 
models of corneal angiogenesis and in transgenic 
mice overexpressing Ang2 and VEGF-A in cardiac 
muscle (Visconti et al. 2002). 

The results of ectopic overexpression of Ang2 in 
tumor cells provide additional support for the role of 
Ang2, rather than Angl, as a pro-angiogenic factor. 
In contrast to Angl, Ang2 overexpression in tumor 
cells has been reported by a number of investigators 
to promote tumor growth and vascularization in tu- 
mor xenograft models, whereas Angl overexpression 
has been shown to inhibit tumor growth (Tanaka et 
al. 1999; Ahmad et al. 2001; Etoh et al. 2001; Machein 
et al. 2004). Machein et al. (2004) reported more nu- 
merous, highly branched vessels with an extensive 
pericyte coverage in the vasculature of tumors de- 
rived from cells overexpressing Angl, which would 
suggest improved tumor perfusion. In contrast, 
tumors derived from Ang2-expressing cells were 
smaller, and contained a poorly defined vascular 
network with poor pericyte coverage (Machein et al. 
2004). However, these experiments should be inter- 
preted with a degree of caution, as Ang2 overexpres- 


sion has also been reported to inhibit tumor growth 
(Yu and Stamenkovic 2001). 

Ang2-deficient mice have a complex phenotype 
(Gale et al. 2002). Following birth the pups ap- 
pear normal, but as the result of a lymphatic defect 
quickly develop chylous ascites and edema, which 
often results in morbidity by day 14. Furthermore, 
Ang2-knockout mice display early postnatal vascu- 
lar remodeling defects in the eye, where the hyaloid 
vasculature fails to regress and the retinal vascula- 
ture fails to form. Significantly, the lymphatic, but 
not the ocular, phenotype can be largely rescued by 
replacing the Ang2 gene with the cDNA for Angl, 
suggesting distinct functions for Ang] and Ang? in 
vascular remodeling of the eye, but redundant roles 
in lymphatic development, where both Angl and 
Ang2 may function as agonists (Gale et al. 2002). 
In addition, further study of Ang2-null mice shows 
phenotypic changes in the vascular capillaries found 
in the kidney (Pitera et al. 2004), suggesting that 
Ang2 may have a more widespread role than initially 
thought in the development of the vasculature. How- 
ever, it should be noted that in more recent studies 
it was observed that severe lymphatic and vascular 
defects associated with the Ang2 knockout were de- 
pendent on the genetic background of the knockout 
mice (Fiedler et al. 2006). 

In summary, the endothelial cell-specific expres- 
sion of Ang2, and its observed functions, suggest 
that Ang2 functions in an autocrine fashion to regu- 
late angiogenesis by controlling endothelial cell qui- 
escence and vascular plasticity. These data combined 
with the largely normal phenotype of the Ang2- 
knockout mice, suggest that inhibition of Ang2 may 
represent a viable and safe strategy for inhibiting tu- 
mor angiogenesis. 


Inhibition of Angiopoietin-Tie2 Signaling 
The utilization of selective inhibitors has proved to 


be a powerful tool for elucidating the role of particu- 
lar cytokines or signaling pathways in blood vessel 
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growth, Strategies that have proven to be broadly 
effective include: soluble receptors; inhibitory anti- 
bodies directed against receptors or ligands; RNA- 
aptamers; and selective small-molecule tyrosine ki- 
nase inhibitors. A combination of such approaches 
has been particularly effective in demonstrating a 
critical role for members of the VEGF family and 
their receptors in normal and pathological angio- 
genesis. 

Efforts using similar approaches to inhibit the an- 
giopoietin-Tie2 signaling systems have shown that 
interference of this axis can result in the inhibition 
of angiogenesis. The therapeutic utility of blocking 
Tie2 signaling was initially demonstrated by Lin et 
al. Following systemic administration of an adeno- 
viral vector expressing soluble Tie2, inhibition of 
the growth and metastasis of two different murine 
tumors was reported (Lin et al. 1997, 1998). These 
studies were followed by additional reports showing 
that blocking angiopoietin signaling via sequestra- 
tion with a soluble Tie2 receptor has an inhibitory 
effect on both tumor angiogenesis and corneal an- 
giogenesis (Siemeister et al. 1999; Hangai et al. 2001; 
Das et al. 2003; Fathers et al. 2005). Approaches us- 
ing peptides to block Tie2-angiopoietin interactions 
and anti-Tie2 intrabodies have provided further in- 
sights into the role of Tie2 signaling in pathologi- 
cal angiogenesis, and support the potential utility of 
anti-angiogenic agents that target Tie2-angiopoietin 
signaling (Tournaire et al. 2004; Popkov et al. 2005). 
In addition, the numerous studies with soluble Tie2 
receptors would suggest that systemic inhibition of 
the Tie2-angiopoietin axis is not overtly toxic, at 
least in rodents. 


Identification and Characterization of 
Selective Angiopoietin-2 Inhibitors 


For many of the published studies using inhibitors of 
the angiopoietin-Tie2 axis, experimental interpre- 
tation has been limited, as the molecular tools used 
lacked specificity and therefore could not be used 
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Fig. 25.2. Paired bright-field and dark-field images of an Ang? in situ hybridization illustrating high levels of Ang2 mRNA 
expression in the endothelial cells lining a vessel within the body of an A431 tumor xenograft. The horizontal bars indicate 
scale. Reproduced from Oliner et al. (2004) with permission from Elsevier Press 


to determine the contribution of each of the differ- 
ent angiopoietins to the resulting phenotype. The 
studies with soluble Tie2 receptors are particularly 
difficult to interpret for this reason. It is known that 
all four of the angiopoietins are capable of binding 
Tie2 and as a result it is unclear whether the ob- 
served activity could be attributed solely to inhibi- 
tion of Ang2, or is the result of combined inhibition 
of multiple angiopoietins. Initial attempts to selec- 
tively neutralize Ang2 in vivo using RNA aptam- 
ers resulted in modest inhibition of bFGF-induced 
corneal angiogenesis (White et al. 2003). The RNA 
aptamers used in this study were not optimized for 
in vivo studies, and there was no pharmacodynamic 
readout to determine the extent of Ang2 inhibition, 
thus leaving unanswered the question of whether 
Angz2 inhibition alone is sufficient to fully inhibit 
angiogenesis. Nonetheless, this study was signifi- 
cant, as it provided further evidence that Ang2 is 
an indirect pro-angiogenic factor and demonstrated 
that specific inhibition of Ang2 is anti-angiogenic. 
In an effort to more clearly define the effects of 
an inhibition of Ang2 function on angiogenesis, 
Oliner et al. (2004) generated peptide-Fe fusion 
proteins (peptibodies) and fully human antibodies 
that potently and selectively neutralized the interac- 


tion between human Ang2 and Tie2, with IC. val- 
ues ranging from 23 to 140 pM. The three inhibitors 
described by Oliner et al. exhibited between 30-fold 
and >4500-fold selectivity for Ang2 over other an- 
giopoietin family members and had similar IC., val- 
ues against Ang2 from rat and mouse (Table 25.1). In 
addition, these agents displayed favorable pharma- 
cokinetic properties, supporting daily to weekly ad- 
ministration via subcutaneous administration. The 
combined potency, selectivity and pharmacokinetic 
profiles of these molecules made them excellent tools 
to evaluate the effect of Ang2 inactivation on tumor 
angiogenesis in a variety of preclinical models. 
Oliner et al. observed that administration of 
three distinct Ang2 inhibitors to mice bearing 
subcutaneous A431 human epidermoid, Colo205 
human colorectal, and HT29 human colorectal xe- 
nografts resulted in inhibition of tumor growth, 
demonstrating that the effects of Ang2 inhibi- 
tion were not reagent- or tumor model-dependent. 
Figure 25.2 illustrates the effect of the Ang2 an- 
tagonist 2xCon4(C) on the growth rate of Colo205 
xenografts and its effects on tumor cell viability. In 
the experiment illustrated in Fig. 25.3, Colo205 tu- 
mors were allowed to grow for 28 days before dosing 
with 2xCon4(C) was initiated. Separation in growth 


Table 25.1. Potency and selectivity of the peptide-Fc fusion 
proteins and antibodies used by Oliner et al. as competitive 
inhibitors of angiopoietin-Tie2 interactions 


hAng2 mAng2 rAng2 hAngl 

ICs9(nM) IC;(nM) IC;(nM) IC.9(nM) 
2xCon4(C) 0.023 0.021 0.049 0.9 
L1-7(N) 0.054 0.071 0.160 >100 
Ab536 0.140 0.061 0.270 >100 
IgG1 Fe >100 >100 >100 >100 


Peptide-Fc fusion proteins, antibody and human IgG1 were 
evaluated by ELISA for their ability to block the interactions 
between Tie2 and human (h), rat (r) and mouse (m) angio- 
poietins 


rates between the vehicle and treated groups was ob- 
served after 3 days of treatment, with the volume of 
the 2xCon4(C)-treated tumors remaining constant 
over the 21-day study period. At the conclusion of 
the study, hematoxylin-stained histological sections 
of bisected tumors revealed a significantly smaller 
viable tumor fraction in the group of animals 
treated with an Ang2 inhibitor than in those treated 
with a vehicle control (Fig. 25.3). Therefore, analy- 
sis of tumor viability would suggest that changes in 
tumor volume underestimate the anti-tumor effects 
of Ang2 inhibition, at least in Colo205 tumor xeno- 
grafts. 

Further tumor xenograft studies revealed that 
Ang2 inhibition was able to rapidly induce regres- 
sion of large established tumors, with tumor re- 
growth appearing when pharmacokinetic modeling 
predicted that serum Ang? inhibitor concentrations 
fell below optimal levels. Resumption of dosing with 
an Ang2 inhibitor again resulted in a sustained in- 
hibition of tumor growth, indicating that the tu- 
mors had not acquired resistance to Ang2 inhibition 
(Oliner et al. 2004). 

Experiments aimed at elucidating the mechanism 
of action of the Ang2 antagonists suggested that the 
reduction in tumor cell growth was consistent with 
an anti-angiogenic mechanism. FACS analysis of 
cells isolated from 2xCon4(C)-treated tumors re- 
vealed a sustained and progressive reduction in en- 
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dothelial cell proliferation (Oliner et al. 2004), a phe- 
nomenon that has now been observed using other 
Ang2 inhibitors (Oliner et al., unpublished observa- 
tions). Furthermore, treatment with 2xCon4(C) pro- 
duced a dose-dependent inhibition of VEGF-stimu- 
lated neovascularization in a rat corneal model of 
angiogenesis, suggesting that Ang2 inhibition can 
elicit an anti-angiogenic effect outside the con- 
text of a tumor. Interestingly, in situ hybridization 
analysis of Ang2 expression during VEGF-induced 
corneal angiogenesis revealed that Ang2 expression 
was detected in newly sprouting vessels. These ob- 
servations are consistent with the paradigm of Ang2 
up-regulation facilitating vascular plasticity and a 
positive response to pro-angiogenic cytokines. 

Thickening of the epiphyseal growth plate was 
observed in male rats following dosing of the Ang2 
inhibitor 2xCon4(C). Epiphyseal plate thickening 
is thought to be an on-mechanism consequence of 
anti-angiogenic therapy, and has been observed in 
cynomolgus monkeys treated with VEGF neutraliz- 
ing antibodies and immature rodents treated with 
Flt-1(1-3)-IgG (Gerber et al. 1999; Ferrara et al. 2005). 
The observations that Ang2 inhibition does not lead 
to significant effects on the developed vasculature is 
consistent with the phenotype of the Ang2-knock- 
out mice in which no significant vascular defects 
were observed (Gale et al. 2002). 

The study by Oliner et al. has considerable thera- 
peutic implications; it provides compelling evidence 
to suggest that Ang2 inhibition may represent a new 
therapeutic strategy for treating pathological angio- 
genesis. An additional finding of this study was the 
observed inhibition of endothelial cell proliferation 
followed by a presumed secondary effect on tumor 
cell viability. These data suggest that Ang2 antago- 
nists, like those targeting VEGF and its receptors, 
derive efficacy by initially targeting the tumor 
vasculature. However, Ang2 antagonists, unlike 
VEGF pathway antagonists, do not appear to induce 
apoptosis of tumor endothelial cells (Oliner et al., 
unpublished observations). To test the applicabil- 
ity of Ang2 inhibition in treating human tumors, 
AMG386, a peptibody selectively targeting Ang2, 
has been advanced into clinical development in pa- 
tients with solid tumors. 
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Fig. 25.3a-d. Effect of an Ang2 inhibitor on the growth and viable tumor fraction of tumor xenografts. a Ang2 inhibition 
clearly prevents the growth of established Colo205 xenografts. Mice were treated twice weekly with 15 mg/kg 2xCon4(C), 
starting on day 28 post injection of Colo205 tumor cells. b Histological analysis of tumor viability, which revealed a significant 
reduction in the viable tumor fraction in mice treated with an Ang2 inhibitor compared to mice treated with a vehicle control. 
c, d Examples of representative hematoxylin-stained histological sections of bisected tumors following 21 days of treatment 
with vehicle or 2xCon4(C), respectively. Note the considerable necrosis observed in the section from the 2xCon4(C)-treated 
tumor. The horizontal bars indicate scale. Reproduced from Oliner et al. (2004) with permission from Elsevier Press 


Summary: Unanswered Questions and 
Future Developments 


A wealth of evidence demonstrates that the angiopoi- 
etin-Tie2 signaling axis is critical for blood vessel for- 
mation, principally regulating vascular remodeling 
and maturity. Recent studies have gone a long way to 
illuminating the biology around the Tie2-angiopoi- 
etin axis and have led to the generally accepted view 
that Angl functions as the major agonist for Tie2, 
whereas Ang2 most likely acts as an antagonist, or 
as a context-dependent agonist. 


The cessation of angiogenesis induced by Ang2 
neutralization raises a number of interesting ques- 
tions around the cellular and molecular conse- 
quences of selective Ang2 inhibition. It appears 
that Ang2 neutralization results in the inhibition 
of endothelial cell proliferation. Lobov et al. (2002) 
demonstrated that ectopically administered Ang2 
induced endothelial cell proliferation and vascu- 
lar sprouting in the papillary membrane of the eye, 
with these effects being associated with increased 
capillary diameter, basal lamina remodeling and 
endothelial cell migration. It is reasonable to spec- 
ulate that these effects might be opposed by Ang2 


inhibition. It is possible that by neutralizing Ang2, 
the vascular stabilizing signals of Ang] remain in- 
tact, and, as a result, the endothelium is less respon- 
sive to the proliferative signals from pro-angiogenic 
factors such as VEGF (Holash et al. 1999; Lobov 
et al. 2002). Studies on the nature of both tumor and 
normal vessels following Ang2 inhibition promise 
to be particular useful in addressing this question. 
Of particular interest is the effect of systemic Ang2 
inhibition on the coverage of capillaries with peri- 
cytes and other types of vascular supporting cells, 
as Angl is thought to promote these interactions 
and Ang2 oppose them. 

At the molecular level, it remains to be deter- 
mined whether Ang2 inhibition affects Tie2 phos- 
phorylation, either globally or in individual vessels 
actively participating in the angiogenic process, 
and whether the inhibition of Tie2 phosphorylation 
is critical for efficacy. A definitive answer to these 
important questions in a physiologically relevant 
setting would be extremely useful in elucidating the 
biochemical role of Ang2. Attempts to address these 
challenging questions have yet to be successful. Re- 
agents, such as phospho-specific Tie2 antibodies, 
of sufficient sensitivity to determine whether Ang2 
inhibition induces changes in Tie2 phosphorylation 
have yet to be developed. Furthermore, the activ- 
ity of highly selective small-molecule Tie2 kinase 
inhibitors in preclinical models remains to be thor- 
oughly tested. Such molecules would be very useful 
tools for answering key questions around the role of 
Tie2 phosphorylation. It would be particularly in- 
sightful to determine whether they had an efficacy 
and mechanism of action profile consistent with or 
distinct from that observed by Ang2 inhibitors. 

Many challenges and open questions remain to 
be addressed when considering the future strat- 
egy for development of Ang2 antagonists. Among 
them is the question of what represents the ideal 
selectivity profile for an angiopoietin antagonist to 
produce maximal anti-angiogenic activity. Oliner 
et al. (2004) demonstrated that the Ang2 inhibitor 
2xCon4(C), which displays some inhibitory activ- 
ity against Angl, had an activity similar to that of 
selective Ang2 inhibitors, suggesting that Ang2 
may be the dominant angiopoietin in promoting 
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angiogenesis, at least in models tested in that partic- 
ular study. However, given that Ang2 and Angl are 
involved in distinct phases of angiogenesis, Ang2 in 
vascular remodeling and Angl in vessel stability, it 
is possible there are the advantages to dual Angl/2 
inhibition over selective Ang2 inhibition. The gen- 
eration of potent and selective Angl inhibitors may 
enable answers to be obtained for some of the out- 
standing questions around the therapeutic utility of 
Ang] inhibition, either alone or in combination with 
Ang2 inhibition. 

When considering the clinical development of 
Ang2 antagonists, it is worth noting that it appears 
likely that anti-angiogenic cancer therapy, with a few 
notable exceptions, will be combinatorial. In light of 
this it is worth considering possible combinations 
with other effective anti-angiogenic agents, such 
as those targeting VEGF and VEGF receptors. The 
VEGF axis plays a key role in vessel sprouting and 
endothelial cell proliferation, whereas the angiopoi- 
etin-Tie2 system plays roles in vascular remodeling 
and maturation. Given the complementary roles of 
the two systems it is attractive to speculate that the 
combined neutralization of Ang2 and inhibition of 
VEGF receptor signaling will produce a more ro- 
bust anti-angiogenic effect than inhibiting each 
one alone. Indeed, in tumor xenograft models the 
combination of an Ang2 antagonist with agents tar- 
geting the VEGF axis results in a greater inhibition 
of tumor growth than that conferred by each agent 
alone (Leal J, Coxon A, Oliner J, Polverino A et al., 
unpublished observations). Additional combination 
studies with Ang2 inhibitors might include studies 
with chemotherapeutics. Combinations of anti-an- 
giogenic agents targeting the VEGF axis and chemo- 
therapeutic agents have been observed to have addi- 
tive or even synergistic anti-tumor effects compared 
to chemotherapy alone (Jain et al. 2006). 

In summary, data from preclinical studies sug- 
gests that Ang2 inhibition appears represents a vi- 
able strategy for treating pathological angiogenesis 
associated with tumor growth. However, Ang2 in- 
hibitors may also have applicability for treating a 
range of human diseases, as Ang2 up-regulation has 
also been observed in indications other than cancer, 
including age-related macular degeneration (AMD), 
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rheumatoid arthritis, osteoarthritis, and psoriasis. 
The evaluation of an Ang? inhibitor in AMD is per- 
haps the most attractive of these possibilities for 
several reasons. Unlike rheumatoid arthritis, AMD 
is a largely unmet medical need, and strategies tar- 
geting VEGF-A have shown efficacy in AMD, vali- 
dating the utility of an anti-angiogenic approach in 
this setting. Data in support of the clinical utility 
of Ang2 inhibition in the oncology setting are cur- 
rently being collected. AMG 386, an Ang2 inhibitor, 
has been advanced into oncology clinical trials in 
patients with solid tumors. 
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Abstract 


Thrombospondin-1 (TSP-1) is an extracel- 
lular protein that regulates the behavior 
of many cell types, including endothelial 
cells, during the tissue remodeling that 
is associated with angiogenesis, develop- 
ment, synaptogenesis, wound healing and 
neoplasia. The physiological angiogenesis 
that occurs during processes such as wound 
healing, mammary gland involution and 
cycling of the hair follicle requires endog- 
enous inhibitors to complete the remod- 
eling process. During tumor progression, 
the spatial and temporal coordination of 
pro- and anti-angiogenic signaling is lost 
and the endothelial cells receive conflict- 
ing signals from the constituents of the 
tumor microenvironment. The importance 
of suppression of angiogenesis by TSP-1 is 
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underscored by the observation that TSP- 
l-null mice exhibit increased tumor an- 
giogenesis and the fact that TSP-1-based 
therapeutics are currently in clinical trials 
for the inhibition of angiogenesis. TSP-1 
and -2 inhibit angiogenesis through direct 
effects on endothelial cell migration and 
apoptosis, and through indirect effects on 
the various growth factors, cytokines and 
proteases that stimulate angiogenesis. Us- 
ing synthetic peptides and recombinant 
proteins, several investigators have shown 
that the direct effects of TSP-1 are mediated 
by the interaction of the three type 1 repeats 
(3TSR) with the endothelial cell membrane 
protein CD36. The detailed understanding 
of the mechanisms of action of TSP-1 and 
-2 has facilitated the design of therapeutic 
strategies to optimize these activities for 
the inhibition of tumor progression. 
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Introduction 


Thrombospondin-1 (TSP-1) was first identified in 
1981 as a high-molecular-weight glycoprotein that 
is rapidly secreted from platelets in response to 
thrombin. The TSP-1 that is secreted by platelets 
participates in the regulation of the various steps 
that are involved in wound healing. Subsequent 
studies have shown that TSP-1 is widely expressed by 
a variety of tissues during development. In addition, 
four other genes that are homologous to TSP-1 have 
been identified as members of the thrombospondin 
gene family. Of these proteins, TSP-1 and -2 have 
equivalent domain structure and are potent inhibi- 
tors of angiogenesis. 

The expression of TSP-1 in adult tissue is limited 
for the most part to sites of tissue remodeling. At 
these sites, TSP-1 acts in the pericellular space to 
regulate cellular phenotype and extracellular ma- 
trix structure. Virtually every domain of TSP-1 has 
a receptor on the cell surface. The specific repertoire 
of receptors that a given cell expresses may deter- 
mine its response to TSP-1. Whereas TSP-1 promotes 
the migration of vascular smooth muscle cells, it is a 
potent inhibitor of endothelial cell migration. TSP-1 
modulates extracellular matrix structure by binding 
to matrix proteins such as fibronectin and collagen, 
and by modulating the activity of extracellular pro- 
teinase such as matrix metalloproteinases (MMPs) 
and plasmin. These properties enable TSP-1 and -2 
to be key regulators of the tissue remodeling that is 
associated with development, wound healing, mam- 
mary gland involution, and synaptogenesis. They 
are also involved in the pathological tissue remodel- 
ing that is associated with neoplasia and tumor an- 
giogenesis. 

Like most large proteins, the TSPs can be divided 
into structural domains that reflect exon shuffling 
during evolution (Chen et al. 2000) (Fig. 26.1). TSP-1 
and -2 have an N-terminal domain of approximately 
200 amino acids that contains a high-affinity-bind- 
ing site for heparan sulfate proteoglycans. This do- 
main also mediates the uptake and clearance of the 
TSPs through a low-density lipoprotein receptor- 


related (LRP)-dependent mechanism. Three cop- 
ies of the thrombospondin type 1 repeat (TSR) and 
three copies of the epidermal growth factor (EGF) 
repeat are found in the middle of TSP-1 and -2. 
The TSRs are found in approximately 100 proteins 
in the human genome (Tucker 2004). The TSRs of 
TSP-1 bind to B1 integrins, CD36 and transforming 
growth factor (TGF) B. Whereas TSP-1 and -2 prob- 
ably have similar functions, they differ in their abil- 
ity to activate TGF. Activation of TGFB requires 
the sequence RFK between the first and second TSR 
of TSP-1 (Young and Murphy-Ullrich 2004b). Since 
this sequence is not found in TSP-2, it is not able to 
activate TGFB. The TSRs have been shown to inhibit 
tumor angiogenesis and growth (Lawler and Detmar 
2004). Furthermore, a therapeutic designated ABT- 
510 is based on an eight-amino-acid sequence within 
the second TSR (Haviv et al. 2005). The C-terminal 
domain of TSP-1 and -2 is composed of a series of 
contiguous calcium binding sites that are wrapped 
around a B sandwich structure that is formed by the 
last 200 amino acids of the proteins (Carlson et al. 
2005). The C-terminal domain is highly conserved 
in all five members of the thrombospondin gene 
family and thus has been designated the thrombo- 
spondin signature domain. This domain appears to 
bind 30 calcium ions, suggesting that the TSPs are 
involved in calcium homeostasis within the cell; 
however, this function of the thrombospondins has 
not been explored in detail. The cell biology of TSP-1 
has been previously reviewed (Chen et al. 2000). In 
this chapter, the inhibition of angiogenesis by TSP-1 
and -2 will be discussed, with a focus on the poten- 
tial therapeutic applications of these proteins. 


Mechanisms of Inhibition of Angiogenesis 
by TSP-1 and -2 


Numerous in vitro and in vivo approaches have 
been used to identify multiple mechanisms by which 
TSP-] and -2 can inhibit angiogenesis. These mecha- 
nisms can be broadly characterized as having direct 


Anti-Angiogenic Therapy with Thrombospondins 


467 


THI PHR TSR T3C1 

¢ ng 5 
( A OS le UAN ENON A 
| po) COCO- O) 
Waos | eer d 


Protein and glycosaminoglycan binding 


TGE P-activasion CD36 and HIV gp120 binding 


DGGWSHWSPWSSCS ‘ITRIRI.CNSPSPQMNGKPCEGEARFETKACKKDACPI 
KRFKQDGGWSHWSPWSSC GVITRIR — Inhibits endothelial cell migration 
SPW SSCSYTCGDGVITRIR loai VEGF and FOE=2 
Inhibits FGF-2-induced \ Inhibits VEGF and FGF-2-induced 
angiogenesis in the CAM angiogenesis in the CAM assay 
assay 


effects on endothelial cell migration and apoptosis, 
or indirect effects on the various growth factors, 
cytokines and proteases that regulate angiogenesis 
(Table 26,1). A detailed understanding of the mecha- 
nisms of action of TSP-1 and -2 has facilitated the 
design of therapeutic strategies to optimize these 
activities. 


26.2.1 
Direct Effects of TSP-1 on Endothelial 
Cell Function 


TSP-1 and -2 are potent inhibitors of endothe- 
lial cell migration that is induced by VEGF or 
bFGF. This activity has been mapped to the TSRs 
(Fig. 26.2) (Lawler and Detmar 2004). In an early 
study, a second sequence in the procollagen ho- 
mology region was also reported to inhibit migra- 
tion; however, the function of this sequence has 
not been characterized further (Tolsma et al. 1993). 
Three different synthetic peptides from the TSRs 
inhibit endothelial cell migration (Iruela-Arispe 
et al. 1999). Together, they comprise a continuous 
region in the N-terminal half of the second TSR 
of TSP-1. Whereas TSP-2 has not been studied as 
extensively, the active sequences in TSP-1 are con- 
served in TSP-2. In the structure of the TSRs, the 
active sequences fall in two anti-parallel B-strands 
and the intervening turn (Tan et al. 2002). The 


Fig. 26.1a,b. The structure of TSP-1 and 
the TSRs. a The domain structure of 
TSP-1(top) and the amino acid sequence 
of the second type 1 repeat (TSR+RFK). 
Active amino acid sequences and the 
anti-angiogenic peptides are indicated, 
b Schematic representation of the sec- 
ond TSR of TSP-1. Residues that are 
involved in forming the layered struc- 
ture are drawn in the ball-and-stick 
representation. Two anti-angiogenic 
sequences interdigitate to define a posi- 
tively charged patch on one surface of 
the TSR 
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Table 26.1. Inhibition of angiogenesis by TSP-1 


Direct effects Indirect effects 


Inhibition of endothelial cell migration 


Induction of endothelial cell apoptosis 


Inhibition of activation of MMPs 
Clearance of MMPs 


Sequestration of VEGF, bFGF and hepatocyte 


growth factor 


Binding to endothelial cell proteoglycans 


Activation of TGFB 


arginines within the second B-strand orient their 
side chains so that they interdigitate with three 
tryptophans on the first B-strand. In this way, the 
three active sequences are arranged in a positively 
charged surface patch on the second TSR. This sur- 
face patch is thought to represent the binding site 
for the various ligands of the TSRs, including TGFB 
and CD36. The anti-angiogenic therapeutic ABT- 
510 is based on the sequence GVITRIR in the sec- 
ond -strand of TSR2 (Reiher et al. 2002; Westphal 
2004). This sequence has been modified in several 
ways to improve its stability in circulation. The 
N- and C-terminals have been capped, the isoleu- 
cine is replaced by D-allo-isoleucine and the first 
arginine is replaced by norvaline. The second argi- 
nine is essential for the activity of ABT-510 (Reiher 
et al. 2002). The TSRs and ABT-510 reportedly 
inhibit endothelial cell migration through their 
interaction with CD36 (Simantov and Silverstein 
2003). CD36 is an 88,000-Da membrane protein 
that mediates the uptake of oxidized lipids and the 
anti-angiogenic activity of TSP-1 and -2 (Dawson 
et al. 1997). CD36 is enriched in cholesterol-rich 
lipid rafts, where it associates with the src family 
kinases Fyn, Lyn and Yes (Simantov and Silverstein 
2003). As discussed below, Fyn is in the signaling 
pathway that leads to induction of endothelial! cell 
apoptosis in response to TSP-1. CD36 also associ- 
ates with integrins and the tetraspanin, CD9 (Miao 
et al. 2001b). The physiological significance of this 
association is not known; however, B1 integrins 
have recently been reported to mediate the inhibi- 
tion of large-vessel endothelial cell migration by 
the TSRs (Short et al. 2005). This effect is specific 
for P1 integrins, because integrin B3-siRNA has no 


effect. Antagonists of a3 and 05 integrin subunits 
and phosphoinositol 3 kinase (PI3K) block the in- 
hibition of large vessel endothelial cell migration 
by the TSRs. Taken together, the data suggest that 
CD36 and ĝl integrins may collaborate to form a 
receptor complex for the TSRs that functions to 
inhibit endothelial cell migration. 

The interaction of the TSRs with CD36 also re- 
sults in the induction of endothelial cell apoptosis 
(Jimenez et al. 2000). Fyn and c-Jun N-terminal 
kinase (JNK) appear to be essential for this pro- 
cess, as TSP-1 is inactive in Fyn-null or JNK-1-null 
mice (Jimenez et al. 2000, 2001). This pathway also 
involves p38 MAPK and the up-regulation of Fas 
ligand (Volpert et al. 2002a). Quiescent endothelial 
cells express low levels of Fas receptor; however, its 
expression is increased in response to stimulation 
by VEGF. The increase in Fas ligand in response 
to TSP-1 leads to signals that counter the pro-sur- 
vival signals of VEGF. These data suggest that TSP- 
1 potentiates the normal vessel regression that is 
associated with decreased VEGF expression. This 
conclusion is consistent with the observation that 
vessel density is increased in TSP-1-null mice dur- 
ing the catagen phase of the hair follicle cycle (Yano 
et al. 2003). Since tumor blood vessels are formed 
in response to VEGF and other growth factors and 
cytokines, the up-regulation of Fas ligand may tar- 
get these new blood vessels in particular. A three- 
fold increase in tumor endothelial cell apoptosis is 
observed within pancreatic tumors when mice are 
systemically treated with the TSRs (Zhang et al. 
2005). Whereas various proteins have been shown 
to be involved in TSP-1-induced apoptosis of endo- 
thelial cells, the details of the signaling pathway 


Fig. 26.2. Schematic 
representation of the 
functions of TSP-1 in the 
tumor microenvironment 
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remain to be determined. A better understanding 
of this pathway would facilitate the design of opti- 
mal therapeutic approaches. 

Some portions of the endothelial cells that form 
the tumor microvasculature are reportedly derived 
from circulating endothelial progenitor cells (Rafi 
et al. 2002; Shaked et al. 2005). These cell popula- 
tions are approximately two times higher in TSP- 
l-null mice, suggesting that endogenous levels of 
TSP-1 suppress production and/or survival of these 
circulating endothelial progenitor cells. In addi- 
tion, ABT-510 suppresses the elevated levels of cir- 
culating endothelial cells in TSP-1-null mice. These 
data suggest that TSP-1- and TSR-based therapeu- 
tics may inhibit angiogenesis by decreasing the 
level of circulating endothelial cells. 
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26.2.2 
Indirect Effects of TSP-1 on Endothelial Cell 
Function 


TSP-1 inhibits angiogenesis by antagonizing VEGF 
mobilization from the extracellular matrix and by 
binding directly to VEGF (Gupta et al. 1999; Rodri- 
guez-Manzaneque et al. 2001). Inhibition of VEGF 
activity involves the TSRs and other domains of TSP- 
1. The N-terminal heparin-binding domain of TSP-1 
reportedly competes with VEGF for binding sites on 
endothelial cell proteoglycans (Gupta et al. 1999; 
Margosio et al. 2003). TSP-1 also binds to fibroblast 
growth factor-2 and hepatocyte growth factor/scat- 
ter factor, suggesting that it functions as a scavenger 
for angiogenic growth factors (Margosio et al. 2003). 
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The precise domain for growth factor binding has 
not been identified. 

Matrix-bound VEGF is released by the proteolytic 
activity of MMPs. TSP-1 and -2 reportedly down- 
regulate the activity and increase the rate of clear- 
ance of MMPs (Bein and Simons 2000; Yang et al. 
2001). The level of active MMP-9 in mammary tu- 
mor tissue is inversely correlated to the amount of 
TSP-1 (Rodriguez-Manzaneque et al. 2001). When 
TSP-1 is over-expressed, the amount of VEGF that is 
associated with VEGF receptor-2 (VEGFR-2) is de- 
creased and the vessel size and number is decreased 
within the mammary tumors. In gliomas, the con- 
comitant binding of TSP-1, MMP-2 and LRP results 
in decreased angiogenesis (Fears et al. 2005). The 
original yeast-two-hybrid data indicates that the 
TSRs bind to the type II fibronectin repeats of MMP- 
2 (Bein and Simons 2000). Thus, TSP-1 inhibits the 
activation of MMPs and facilitates their uptake and 
clearance. 

TSP-1 also indirectly influences angiogenesis 
through the activation of TGFB. Whereas the pre- 
cise mechanism underlying the activation of TGFB 
by TSP-1 is not fully understood, the amino acid 
sequence arginine-phenylalanine-lysine (RFK) be- 
tween the first and second TSRs of TSP-1 is essential 
(Young and Murphy-Ullrich 2004a). Since the other 
TSPs do not have this sequence, TSP-1 is the only 
member of the thrombospondin family that can 
activate TGFB. The effect of TGFB on angiogenesis 
is complex, involving both positive and negative ef- 
fects (Bertolino et al. 2005). In A431 experimental 
tumors, over-expression of the TSRs results in an 
increase in active TGFB (Yee et al. 2004). Only con- 
structs that contain the RFK sequence increase ac- 
tive TGFB and decrease vessel size, suggesting that 
the TGF that is activated by TSP-1 inhibits angio- 
genesis. Mammary tumors that form in TSP-1-null 
mice display decreased levels of collagen (Yee et al. 
2006). By contrast, TSP-1 reportedly decreases col- 
lagen types lol, 1&2 and IIIq@1 in muscle explants 
growing in three-dimensional culture (Zhou et al. 
2006). Since these changes correspond to decreased 
angiogenesis, the authors posited that TSP-1 inhib- 
its angiogenesis through regulation of collagen gene 
expression. 


Therapeutic Applications 


Whereas oncogenes tend to suppress TSP-1 expres- 
sion, tumor suppressor genes commonly increase 
TSP-1 synthesis. Thus, tumor tissue acts to promote 
angiogenesis by increasing stimulators of angio- 
genesis, like VEGF, and by decreasing endogenous 
inhibitors of angiogenesis. Hyperactivation of on- 
cogenic Ras leads to activation of P13K, Rho, Rho- 
associated kinase (ROCK) and Myc, and decreased 
TSP-1 expression (Watnick et al. 2003). Down-regu- 
lation of TSP-1 by Myc appears to involve increased 
TSP-1 mRNA turnover more than suppression of 
transcription (Janz et al. 2000). The tumor cells also 
appear to secrete factors that result in decreased 
TSP-1 expression in neighboring stromal fibroblasts 
(Kalas et al. 2005). Ras-transformed fibrosarcoma 
cells secrete low-molecular-weight, heat-labile, 
trypsin-resistant factors that down-regulate TSP-1 
in nontumorigenic dermal fibroblast cell lines (Ka- 
las et al. 2005). In this way, the tumor cells create 
a microenvironment that is permissive for growth 
factor-induced angiogenesis. 

The fact that TSP-1 is a potent endogenous inhibi- 
tor of angiogenesis has prompted several groups to 
explore therapeutic applications of TSP-1. These ef- 
forts fall into two basic approaches, the identifica- 
tion of strategies to up-regulate endogenous TSP-1, 
and the delivery of recombinant TSRs or synthetic 
peptides that contain sequences from the TSRs. 


26.3.1 
Strategies for Up-Regulation of TSP-1 or -2 


The continuous administration of low doses of che- 
motherapeutics is sometimes referred to as met- 
ronomic dosing or anti-angiogenic chemotherapy 
(Browder et al. 2000). Metronomic dosing with cy- 
clophosphamide increases the circulating levels of 
TSP-1 (Bocci et al. 2003). The source of the TSP-1 is 
controversial in that one group identifies endothelial 
cells as the source, and another proposes that the 
tumor cells secrete elevated TSP-1 (Bocci et al. 2003; 


Hamano et al. 2004). To show that the inhibition of 
tumor growth is due to increased TSP-1, the efficacy 
of metronomic dosing has been compared in wild- 
type and TSP-l-null mice. Whereas metronomic 
dosing with cyclophosphamide inhibits the growth 
of experimental Lewis lung carcinomas in wild-type 
mice, it is not effective in TSP-1-null mice (Bocci et 
al. 2003). Since metronomic dosing therapy depends 
on TSP-1 up-regulation, circulating levels of TSP-1 
can be used as a marker for its efficacy. 

Low doses of cyclophosphamide, cisplatin or 
docetaxel also reportedly increase endothelial cell 
Fas receptor (Yap et al. 2005). TSP-1 and ABT-510 
increase the level of Fas ligand on endothelial cells 
(Volpert et al. 2002b; Yap et al. 2005). Thus, the com- 
bination of chemotherapy agents and TSP-1 or ABT- 
510 induces endothelial cell apoptosis and inhibits 
tumor angiogenesis. 

The implantation of a biodegradable polymer that 
contains TSP-2 over-expressing fibroblasts into the 
ovarian pedicle produces elevated systemic levels 
of TSP-2 for at least 5 weeks (Streit et al. 2002). The 
increased TSP-2 inhibited the growth of squamous 
cell carcinomas, melanomas and Lewis lung carci- 
nomas. The decreased tumor growth was associated 
with a decrease in tumor vessel size and an increase 
in tumor cell apoptosis. Nor and co-workers (Nor et 
al. 2000) have described the production of a recom- 
binant portion of TSP-2 that includes the N-terminal 
domain through the TSRs. Systemic delivery of this 
protein inhibits the growth of experimental squa- 
mous cell carcinomas. 


26.3.2 
TSR-based Therapeutics 


Systemic injection of purified platelet TSP-1 inhib- 
its B16F10 experimental tumor growth (Miao et 
al. 2001a). Since TSP-1 is a large molecule, several 
groups have sought to define a region of the molecule 
that is anti-angiogenic and more amenable to thera- 
peutic use. Synthetic peptides that include sequences 
from the procollagen homology region and from 
the TSRs inhibit angiogenesis (Dawson and Bouck 
1999; Iruela-Arispe et al. 1999; Reiher et al. 2002; 
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Tolsma et al. 1993). In addition, systemic injections 
of a recombinant version of all three TSRs of TSP-1, 
designated 3TSR, inhibits experimental pancreatic 
tumors, melanoma and Lewis lung carcinoma (Miao 
et al. 2001a; Zhang et al. 2005). Inhibition of pan- 
creatic tumor growth is associated with decreased 
vessel size and increased endothelial cell apoptosis 
(Zhang et al. 2005). To identify essential amino acids 
for the inhibition of tumor growth by TSP-1, we have 
prepared a recombinant version of the second TSR 
of TSP-1 with (designated TSR2+RFK) and without 
(designated TSR2) the RFK sequence that is essential 
for the activation of TGFB (Miao et al. 2001a). TSR2 
is a potent inhibitor of angiogenesis and growth of 
experimental and Lewis lung carcinoma tumors. In- 
clusion of the RFK sequence results in the activation 
of TGFB and a further inhibition of B16F10 mela- 
noma, but not Lewis lung carcinoma. This difference 
results from the fact that the B16F10 melanoma cells 
are responsive to the growth inhibitory effects of 
TGFB, while the Lewis lung carcinomas are not. 
The safety, pharmacokinetics and pharmacody- 
namic results of a phase I clinical trial of ABT-510 
have been reported (Hoekstra et al. 2005). ABT-510 
was administrated subcutaneously as a bolus injec- 
tion either once or twice daily with dose escalation 
beginning with 100 mg/24 h. Patients in a continu- 
ous-infusion arm of the study developed erythema 
and edema of the skin at the infusion site which was 
sometimes painful. As a result, this arm of the study 
was discontinued. Of the 35 patients who received 
bolus injections of ABT-510, three adverse events 
were considered potentially related to the drug 
treatment: a fetal intracranial hemorrhage, a tran- 
sient ischemic attack and a case of new-onset diabe- 
tes mellitus. In all three cases, a causal link between 
ABT-510 treatment and the adverse event could not 
be unequivocally made. ABT-510 has a half-life of 
1.1£0.2 hin circulation (Hoekstra et al. 2005). These 
data suggest that multiple treatment during a fixed 
period of time will be more effective than increas- 
ing a single dose. Whereas the phase I clinical trial 
is not designed to determine efficacy, some patients 
appeared to benefit from ABT-510 treatment. Pro- 
longed stable disease was observed in patients with 
sarcoma, renal cell carcinoma, carcinoma of the 
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cervix, colorectal carcinoma or a germ cell tumor. 
Phase II clinical trials are currently underway with 
ABT-510 as a single agent or in combination with 
chemotherapy for the treatment of soft tissue sar- 
coma, renal cell carcinoma, lymphoma and non- 
small-cell lung cancer. 

CD36 expression on endothelial cells is increased 
by peroxisome proliferating-activated receptor 
(PPARy) ligands, such as troglitazone. Since CD36 
is reportedly the receptor for ABT-510, the effect ofa 
combination of troglitazone and ABT-510 on exper- 
imental bladder carcinomas has been investigated 
(Huang et al. 2004). Troglitazone (50 mg/kg/day) in- 
creased CD36 expression in tumor-associated cap- 
illaries, Whereas ABT-510 or troglitazone alone in- 
hibit tumor growth by about 30%, the combination 
of these reagents inhibited tumor growth by 74%. As 
anticipated, the mean vessel density and the degree 
of endothelial cell apoptosis are significantly greater 
with the combination therapy than with ABT-510 
alone. 

A peptide therapeutic, designated ABT-526, has 
been used to treat cancer in pet dogs (Khanna et 
al. 2002). ABT-526 is equivalent to ABT-510 except 
that the D-allo-isoleucine is replaced by D-isoleu- 
cine. ABT-510 is more soluble in water and has a 
longer half-life in primate circulation than ABT-526 
(Westphal 2004). Eleven of 56 dogs with various 
types of tumors that were treated with ABT-526 were 
found to have stable disease, six displayed partial 
remission, and complete remission was observed in 
two dogs (Khanna et al. 2002). 

Taken together, the data indicate that ABT-510 has 
the potential to be an effective therapeutic with low 
toxicity. However, it should be noted that the pre- 
clinical and clinical trials have not involved treat- 
ment for long periods of time. The receptor for ABT- 
510, CD36, is expressed on platelets, monocytes, 
hematopoietic cells and breast epithelial cells. It is 
important to assess the effect of long-term ABT-510 
treatment on these cell types. This is especially true 
for treatment strategies that sensitize the tumor mi- 
crovasculature to ABT-510 by up-regulating CD36. 
In addition, the effect of ABT-510 on physiological 
angiogenesis, for example during wound healing, 
needs to be fully evaluated. 


Combination therapy using TSP-1 or ABT-510 
with other treatment modalities or other anti-an- 
giogenic reagents has been shown to be effective in 
various murine models of cancer. Endostatin and 
TSP-1 act through different receptors and affect the 
expression of different genes, suggesting that they 
have distinct modes of action (Cline et al. 2002). 
Thus, a combination of endostatin and a TSR-based 
peptide that is a predecessor of ABT-510 effectively 
inhibits angiogenesis and experimental Lewis lung 
carcinoma growth (Cline et al. 2002). Similarly, 
treatment with TSP-1 has been shown to improve the 
efficacy of radiation therapy (Rofstad et al. 2003). 
When TSP-1 is injected before radiation treatment, 
it increases endothelial cell apoptosis in the tumor 
microvasculature and reduces the fraction of radio- 
biologically hypoxic cells. Continued TSP-1 treat- 
ment after radiation inhibits the outgrowth of D-12 
melanoma metastases. 


Future Considerations for the Development 
of TSP-1-based Therapies 


The data obtained to date indicate that TSP-1 is a 
potent inhibitor of tumor angiogenesis with con- 
siderable therapeutic promise. TSP-1 levels can be 
increased by direct delivery of the protein or by re- 
agents that up-regulate its expression in tissue. The 
anti-angiogenic activity of TSP-1 can be mimicked 
by recombinant proteins or peptides that contain 
TSR sequences. These reagents are considerably 
easier and less expensive to produce than the intact 
TSP-1 molecule. Since multiple TSR sequences seem 
to be important, and because the tertiary structure 
of the TSRs may be necessary for optimal orientation 
of these sequences, the recombinant proteins may be 
more active than the synthetic peptides. 

Whereas the structure of the TSRs has been elu- 
cidated, very little is known about the structure of 
CD36. An understanding of the structure of CD36, 
and the nature of its interaction with the TSRs, will 
facilitate the identification of small-molecule ligands 


of CD36 that can mimic the effect of TSP-1 binding. 
In addition, a more complete understanding of the 
signaling pathways that are affected by CD36 will 
help to identify novel targets. It would be very help- 
ful to identify points of crosstalk between the CD36 
signaling pathway and that of VEGF. Recent stud- 
ies have implicated B1 integrins as a receptor system 
involved in the inhibition of endothelial cell migra- 
tion by the TSRs (Short et al. 2005). This observa- 
tion identifies two areas of further investigation that 
will be important for the development of TSR-based 
therapeutics. The relative importance of CD36 and 
B1 integrins for inhibition of angiogenesis by TSP- 
1 needs to be determined. Furthermore, since B1 
integrins are widely expressed, it will be important 
to carefully search for side effects of long-term TSR 
treatment. 

Drug resistance is a common occurrence in che- 
motherapy because the genome of the cancer cell is 
unstable. Since the endothelial cell is the target of 
anti-angiogenesis therapy, it was possible that drug 
resistance would not limit this approach; however, 
tumor angiogenesis results from a dialog between 
the cancer cell and the endothelium. To stimulate 
angiogenesis, tumor cells express VEGF, and other 
pro-angiogenic factors, and down-regulate TSP- 
1. The decrease in TSP-1 also serves to relieve the 
growth-inhibitory effect of TGFB. Fibrosarcomas 
have been shown to overcome the inhibitory effects 
of TSP-1 by increasing VEGF expression and by be- 
coming resistant to TGFB (Filleur et al. 2001). Al- 
though over-expression of TSP-1 in the fibrosarcoma 
cells initially inhibits tumor growth, eventually the 
tumors do grow. Cells from these tumors grow rap- 
idly when they are harvested and re-injected into 
rats. Thus, in the presence of TSP-1, it appears that 
a population of tumor cells that were resistant to its 
inhibitory effects was selected. Significant inhibi- 
tion of tumor growth can be achieved by concomi- 
tant up-regulation of TSP-1 and down-regulation of 
VEGF (Filleur et al. 2003). 

Whereas the role of TSP-1 as an inhibitor of pri- 
mary tumor growth is well documented, its role in 
tumor metastasis is controversial. TSP-1 expression 
correlates with a non-metastatic phenotype in two 
clones that were derived from the MDA-MB-435 
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breast cancer cell line (Urquidi et al. 2002). The 
non-metastatic cell line NM-2C5 displays a 15-fold 
increase in TSP-1 expression compared to the meta- 
static cell line M-4A4. In another study, Transfec- 
tion of full-length TSP-1 into MDA-MB-435 cells 
decreased the growth of orthotopic experimental tu- 
mors and decreased the number of pulmonary me- 
tastases by approximately 50% (Weinstat-Saslow et 
al. 1994). However, in vitro studies suggest that TSP-1 
promotes MDA-MB-435 cell migration and invasion 
(Albo et al. 1998). Over-expression of TSP-1 results 
in an approximately 50% increase in cell-associated 
plasmin. TSP-1 also increases the migration of inva- 
sive breast cancer cell lines through collagen gels, 
but does not affect the migration of a noninvasive 
cell line (Wang et al. 1996). A similar correlation is 
seen with squamous cell carcinoma cells (Yabkowitz 
et al. 1993). If TSP-1 is indeed prometastatic, it will 
be important to develop strategies for the inhibition 
of angiogenesis and primary tumor growth that do 
not promote metastatic spread. 
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Abstract 


The growth and survival of malignant tu- 
mors are dependent on an adequate vascular 
supply. A growing body of preclinical evi- 
dence suggests that therapeutic targeting of 
tumor-associated blood vessels may be an 
effective means to control tumor growth 
and limit metastatic spread. Unfortunately, 
the success of vascular targeting approaches 
for the treatment of human cancer has been 
less than remarkable. One likely explanation 
for the discrepancy between the preclinical 
findings and results observed in patients is 
related to the tumor models utilized in pre- 
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The Use of Orthotopic Models to 
Validate Antivascular Therapies for Cancer 


clinical studies. Indeed, most reports seeking 
to validate the use of antivascular agents for 
the treatment of cancer have drawn conclu- 
sions from tumors implanted into the sub- 
cutaneous space and thus have neglected to 
account for the impact of the specific organ 
microenvironment on the regulation of tu- 
mor growth. While it is difficult to replicate 
several facets of human tumor growth us- 
ing animal models, microenvironmental 
concerns may be easily addressed through 
the use of orthotopically implanted tumors. 
Differences between orthotopic and ectopic 
models are considered, and advances in anti- 
vascular therapy for cancer are discussed. 


Py 
Introduction 


The progressive growth and survival of malignant 
tumors are dependent on tumor cell proximity to 
a vascular supply. Experimental evidence suggests 
that tumor cell division takes place within 75 ym 
of the nearest blood vessel, and that cells located 
beyond 150 um from a vessel are destined for pro- 
grammed cell death (Fidler et al. 2002). This latter 
figure closely approximates the diffusion coeffi- 
cient of oxygen (Brown and Giaccia 1998); there- 
fore, simple diffusion is sufficient to support the 
metabolic requirements of tumors with a mass less 
than 0.5mm, but growth beyond 0.5 mm can be 
sustained only by an increase in vascular density. 
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Persistent growth factor signaling and the loss of 
cell cycle regulation promote tumor cell prolifera- 
tion that, in turn, leads to an imbalance between 
the metabolic demands of the expanding mass and 
blood flow delivery. An extensive body of evidence 
has collectively determined that the primary com- 
pensatory mechanism employed by tumor cells to 
offset increasing metabolic pressures involves the 
recruitment of resident microvascular endothelial 
cells to form new blood vessels (i.e., angiogenesis) 
(Folkman 1989). Investigations conducted over re- 
cent decades have identified several of the pathways 
that signal for angiogenesis in tumor tissues, and 
the molecular effectors that regulate these cascades 
have emerged as principal targets for therapeutic 
intervention. 

Initial evaluations of anti-angiogenic agents in 
animal models created a sense of optimism among 
investigators by demonstrating that inhibiting the 
growth of new capillary networks could repress tu- 
mor growth and metastasis. Unfortunately, to date, 
the dramatic observations reported in preclinical 
studies have not been reproduced in the clinical 
setting. The disappointing results of the clinical 
trials have prompted a more intensified investiga- 
tion of the biology of tumor angiogenesis in an at- 
tempt to improve patient therapy. As an outgrowth 
of these efforts, recent studies have identified sev- 
eral potential issues that may account for some of 
the limited responses observed in the clinic. For 
example, early reports argued that pharmacologi- 
cal targeting of tumor endothelium might be su- 
perior to attempts directed toward the malignant 
cell population because the blood vessels perfus- 
ing tumor tissue were considered genetically stable 
and, therefore, not inclined to develop resistance 
to therapy. However, more recent systematic ex- 
aminations performed on tumor-associated en- 
dothelial cells indicate that these cells are, in fact, 
susceptible to genetic abnormalities (Hida et al. 
2004). The cellular and molecular mechanisms 
responsible for the genetic instability observed in 
the tumor vascular endothelium remain largely 
unknown, as do the consequences for anti-angio- 
genic initiatives. In addition, studies have also 
determined that certain subsets of tumors are ca- 


pable of continued growth without invoking angio- 
genesis (Leenders et al. 2002). Instead of recruiting 
endothelial cells to form new vascular networks, 
these tumors meet their metabolic requirements 
by residing in the vicinity of preexisting blood ves- 
sels. Similar data suggest that tumors may revert 
to an angiogenesis-independent pattern of growth 
when challenged with anti-angiogenic therapy 
(Leenders et al. 2004). Angiogenesis-independent 
tumor growth has been reported in murine models 
of melanoma brain metastases (Kusters et al. 2002), 
glioma (Bernsen et al. 2005) and in human non- 
small-cell lung tumors (Pezzella et al. 1997) and, 
intuitively, this phenotype should not be responsive 
to interventions designed to inhibit formation of 
new blood vessels. Another dilemma facing cancer 
therapies that are directed toward the neovascula- 
ture is the recent observation that when therapy is 
designed to inhibit signaling initiated by a single 
endothelial cell mitogen, tumors respond by elabo- 
rating secondary, i.e., redundant, factors capable 
of sustaining endothelial cell growth and survival 
(Casanovas et al. 2005). 

While the aforementioned results pose signifi- 
cant challenges for the successful development and 
utilization of anti-angiogenic therapies, a more 
fundamental issue may be responsible for several 
of the inadequate responses observed in the clinic. 
Specifically, the vast majority of preclinical studies 
are performed in subcutaneous tumor models and, 
consequently, fail to account for the impact of 
the organ microenvironment on the regulation of 
angiogenesis and tumor growth. The introduc- 
tion of tumor cells (regardless of their origin) 
into the subcutaneous space requires consider- 
ably less manual dexterity from the investigator 
and also provides a visible, noninvasive means 
to monitor tumor growth. Despite these advan- 
tages, evaluations of anti-angiogenic therapies in 
subcutaneous tumor models are informative only 
with respect to the agent’s actions on dermal en- 
dothelial cells. The exploitation of subcutaneous 
tumor models to evaluate treatment strategies 
that target tumor-associated endothelial cells is 
somewhat surprising given the voluminous col- 
lection of literature documenting heterogeneity 
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of endothelial cells from different anatomic re- 
gions (Gerritsen 1987; Thorin and Shreeve 1998; 
Langley et al. 2003). It is also unrealistic that a cli- 
nician would choose an anti-angiogenic agent over 
surgery or radiation to treat tumors of the skin. 
Death due to cancer most often stems from an in- 
ability to effectively control the growth of metasta- 
ses; the preferred target organs of which are bone, 
brain, liver, and lung. A more focused investigation 
on the vascular beds that support the outgrowth of 
metastases using tumor models that more closely 
approximate the clinical setting may generate more 
meaningful clinical results. In the following sec- 
tions, we review how the microenvironment regu- 
lates tumor metastasis and angiogenesis, and then 
describe how anti-angiogenic therapy was used in 
an orthotopic model of prostate cancer to produce 
therapy of tumor. 


Metastasis 


Tumor metastasis refers to the transfer of malig- 
nant cells from one organ to another (distant) or- 
gan. The metastatic process consists of a complex 
series of interconnected steps that is initiated when 
tumor cells downregulate homotypic intercellular 
adhesion molecules (e.g., E-cadherin), allowing 
them to detach from the primary mass and invade 
adjacent tissue. Invasive tumor cells release deg- 
radative enzymes that digest a pathway through 
restrictive basement membranes and surrounding 
matrix in a step that signifies the transition from a 
benign carcinoma to a malignant invasive tumor. 
Tumor cells access the systemic circulation directly 
by penetrating through small blood vessels, or indi- 
rectly by trafficking through the lymphatic system. 
While in the vascular compartment, tumor cells 
must be able to withstand turbulent flow patterns 
and avoid hostile encounters with components of 
the immune system. Tumor cells arrest in distant 


microvascular blood vessels by passive (i.e., steric 
hindrance) or active (e.g., selective adhesive inter- 
actions) mechanisms. Finally, adherent tumor cells 
must extravasate into the underlying tissue paren- 
chyma and activate angiogenesis to ensure their 
growth. 

Each step of the metastatic cascade is considered 
rate limiting inasmuch as failure to complete any 
step effectively terminates the process. Overall, me- 
tastasis is considered a highly inefficient pathologi- 
cal process, as evidenced by the fact that less than 
0.01% of disseminating cells are able to survive and 
form secondary growths (Fidler 1970). Tumor cells 
that are successful in generating metastases are 
believed to be the progeny of a highly specialized 
subpopulation of cells that emerge from a hetero- 
geneous primary tumor (Fidler and Kripke 1977). 
It is thought that these cells are endowed with phe- 
notypic characteristics that are advantageous for 
metastatic spread. 

Recent advances in molecular biology are begin- 
ning to provide an improved understanding of the 
genetic determinants that are critical for the forma- 
tion of metastases. Much of the new information re- 
sults from the development of various DNA micro- 
array platforms that allow users to simultaneously 
evaluate transcription of thousands of genes. Kang 
and colleagues recently applied such an approach 
to create transcriptional profiles on parental MDA- 
MB-231 breast cancer cells and several derivative 
subpopulations that possessed inherent differences 
in metastatic potential (Kang et al. 2003). A com- 
parison of gene expression patterns between pa- 
rental cells and a bone-colonizing variant revealed 
an underlying gene expression signature that could 
explain the organ tropism to bone. Bone-coloniz- 
ing tumor cells expressed elevated levels of matrix 
metalloproteinase-l1 (MMP-1), interleukin-11 (IL- 
11), osteopontin, connective tissue growth factor 
(CTGF), and the chemokine receptor CXCR-4. The 
coordinated expression of this gene set was sufficient 
to explain homing to bone (CXCR-4), as well as acti- 
vation of proteolysis (MMP-1), angiogenesis (CTGF), 
and osteoclastogenesis (IL-11, osteopontin). 
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Seed and Soil Hypothesis 


That some tumors exhibit a predilection for spread 
to certain organs has been recognized for over a 
century now. Paget was among the first to describe 
the organ preference pattern of metastases following 
his examination of autopsy records that had been 
assembled from more than 700 women with breast 
cancer (Paget 1889). Paget recorded a nonrandom 
pattern of visceral and bone metastasis that allowed 
him to conclude that certain tumor cells (the “seed”) 
grew preferentially in the microenvironment of se- 
lected organs (the “soil”). Hence, metastases result 
when the appropriate seed is implanted in its suit- 
able soil. Paget’s contention that the microenviron- 
ment plays a critical role in metastasis is supported 
by a number of experimental observations. In a 
pioneering study, Kinsey implanted fragments of 
lung and several other tissues at ectopic locations 
in syngeneic mice and noted that lung-homing mela- 
noma cells metastasized to normal lung and ectopi- 
cally placed lung, but not to other tissues (Kinsey 
1960). Kinsey noted that the tissue specificity was 
retained irrespective of the route of tumor cell injec- 
tion. Schackert and Fidler demonstrated that some 
tumor cells exhibit metastatic growth in different 
regions within a single organ (Schackert and Fidler 
1998). These investigators noted that injection of 
murine K-1735 melanoma cells into the internal ca- 
rotid artery of mice produced metastases only in the 
brain parenchyma. However, when the experiment 
was repeated using murine B16 melanoma cells, 
metastases were confined to the meningeal region 
of the brain. 

Several lines of evidence indicate that the or- 
gan-preference patterns of metastasis observed in 
some tumors are the result of selective adhesive 
interactions that take place between circulating 
tumor cells and the microvascular endothelium of 
the target organ. Specifically, a number of reports 
have demonstrated that the cytokine-inducible en- 
dothelial cell adhesion molecules, E-selectin and 
vascular cell adhesion molecule-1 (VCAM-1), medi- 
ate the adhesion of a number of tumor cells to the 


vascular wall. E-selectin and VCAM-1 expression 
are primarily restricted to activated endothelium, 
and their appearance requires cytokine stimulation 
and protein synthesis. During an inflammatory re- 
sponse, E-selectin and VCAM-1 are responsible for 
directing the respective localization of neutrophils 
and lymphocytes to the site of tissue injury. Studies 
examining the contribution of endothelial cell ad- 
hesion molecules to malignant disease have shown 
that the entry of colorectal carcinoma cells into the 
hepatic circulation stimulates cytokine production 
from Kupffer cells that leads to de novo synthesis 
of E-selectin by the hepatic sinusoidal endothelium 
(Khatib et al. 1999). Metastasizing colorectal carci- 
noma cells utilize their tetrasaccharide ligands, si- 
alyl Lewis x (sLe*) and sialyl Lewis a (sLe*), to form 
adhesive bonds with E-selectin and promote their 
retention in the liver. Expression of sLe* and sLe® 
antigens by colorectal carcinoma cells is positively 
correlated with their metastatic potential (Sato et al. 
1997), and blockade of E-selectin expression in the 
liver microcirculation significantly reduces the fre- 
quency of liver metastases in experimental animal 
models (Brodt et al. 1997). In addition to facilitating 
the adherence of colorectal tumor cells to the he- 
patic sinusoidal endothelium, there is also evidence 
that suggests that prostate tumor cells may exploit 
E-selectin to form stable adhesive contacts with 
microvascular endothelial cells in the bone (Dimi- 
troff et al. 2004). The bone microcirculation differs 
from vascular beds found in other tissues in that E- 
selectin is constitutively expressed on endothelial 
cells, where it mediates the homing of hematopoi- 
etic progenitor cells to the bone. Hence, it is likely 
that the adherence between prostate tumor cells and 
bone endothelial cells may be independent of cyto- 
kine production. Most of the evidence implicating 
VCAM-1 in metastasis has come from studies ex- 
amining malignant melanoma. Expression levels of 
VLA-4, the integrin receptor for VCAM-1, are upreg- 
ulated on metastatic melanomas in situ in compari- 
son to benign melanocytes, and this is negatively 
associated with disease-free interval and survival 
(Schadendorf et al. 1995). VCAM-1 becomes selec- 
tively upregulated in preferred target organs (i.e., 
lung, brain, liver, and heart) during melanoma me- 


The Use of Orthotopic Models to Validate Antivascular Therapies for Cancer 


tastasis (Langley et al. 2001), and antibody blockade 
strategies directed toward either VCAM-1 or VLA-4 
significantly attenuates metastatic burden in animal 
models (Okahara et al. 1994). 


Angiogenesis and the 
Tumor Microenvironment 


Angiogenesis refers to the development of new blood 
vessels from the existing vascular bed. The forma- 
tion of new blood vessels is essential for embryonic 
development, maintenance of the female repro- 
ductive cycle, and wound repair (Folkman 1995). 
In addition, angiogenesis is widely regarded as a 
critical cofactor in the progression of a number of 
pathophysiologic processes, including arthritis, dia- 
betic retinopathy, macular degeneration, and tumor 
growth. Angiogenesis associated with tumor growth 
differs from that which accompanies highly regu- 
lated biologic processes in that the vascularization 
of tumors is unremitting. For this reason, tumors 
have been referred to as “wounds that do not heal” 
(Dvorak 1986). 

Current evidence suggests that angiogenesis is 
the product of an imbalance between inhibitor and 
stimulator molecules. Normal tissues are bathed in 
an excess of factors that maintain the vascular en- 
dothelium in a non-proliferating state. Indeed, es- 
timates derived from kinetic studies examining cell 
proliferation in different tissues indicate that the 
turnover time for normal endothelial cells may be 
measured in years (Hobson and Denekamp 1984). 
The transition from an avascular tumor to an angio- 
genic tumor is a rate-limiting step in tumor progres- 
sion and is referred to as the “angiogenic switch”. 
Induction of the angiogenic switch may occur at any 
stage of tumor development, but usually coincides 
with increasing metabolic pressures, oncogene ac- 
tivation, or mutation of genes that encode tumor 
suppressor proteins (Bergers and Benjamin 2003). 
The acquisition of an angiogenic phenotype elicits a 
number of biological responses from local microvas- 


cular endothelial cells, including directional migra- 
tion, invasion, cell division, proteolysis, upregula- 
tion of anti-apoptotic proteins and, ultimately, new 
capillary formation. Reports suggest that the inten- 
sity of the angiogenic response may vary consider- 
ably among different types of tumors. For example, 
measurements of endothelial cell proliferation per- 
formed on a broad panel of human cancers indicate 
that angiogenesis associated with glioblastoma and 
renal cell carcinoma growth is much more profound 
than the blood vessel development that accompa- 
nies lung or prostate tumor growth (Eberhard et al. 
2000). 

Regardless of the intensity of angiogenic response, 
the rate of tumor cell proliferation is several orders 
of magnitude greater than the rate of neovascular- 
ization, and blood flow delivery to tumors is usually 
compromised and a fraction of that found in normal 
tissues. Tumor blood flow measurements recorded in 
animals bearing experimental ovarian tumors were 
50 times less than that present in normal ovarian 
tissue (Gullino and Grantham 1961). The reduction 
in blood flow significantly impairs oxygen delivery 
to tumor cells, and therefore the tumor microenvi- 
ronment is frequently hypoxic. In fact, current esti- 
mates predict that up to 50-60% of locally advanced 
solid tumors exhibit hypoxic or anoxic regions that 
are heterogeneously distributed within the tumor 
mass (Vaupel and Mayer 2004). For head and neck 
carcinomas, the decline in oxygen tension has been 
shown to function as a selection pressure that leads 
to proliferation of tumor cells with enhanced meta- 
static potential (Brizel et al. 1997). 

Many tumors respond to low oxygen availability 
by upregulating hypoxia-inducible factor (HIF)- 
la, a key transcriptional regulator that modulates 
cellular responses to low oxygen tension (Semenza 
2002). HIF-1o has been localized to hypoxic regions 
of tumors, and overexpression of HIF-lo has been 
reported in several primary tumors and their me- 
tastases. HIF-1a is stabilized by declining oxygen 
tension and then redistributed to the cell nucleus, 
where it heterodimerizes with HIF-iB to activate a 
number of genes implicated in angiogenesis and me- 
tastasis. One of the primary target genes of HIF-1a 
activation is vascular endothelial cell growth factor/ 
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vascular permeability factor (VEGEF/V PF). Initial in- 
vestigations of VEGF focused on its ability to induce 
protein extravasation in tumor tissue, and further 
studies have shown that VEGF is essential for both 
physiologic and pathologic angiogenesis. To date, five 
VEGF ligands (VEGFA to -E) have been identified, 
and these proteins mediate their effects by initiat- 
ing signaling from three distinct VEGFR receptors: 
VEGFR1 (Flt1), VEGFR2 (KDR/Flk-1), and VEGFR3 
(Flt-4). VEGFA isoforms are widely regarded as key 
regulators of angiogenesis by virtue of their ability 
to elicit all of the endothelial cell processes neces- 
sary for the development of new blood vessels. Sig- 
naling through VEGFR2 also activates survival pro- 
grams in endothelial cells through stimulation of 
the phosphatidylinositol-3 kinase/Akt pathway and 
upregulation the anti-apoptotic proteins Bcl-2 and 
Al (Gerber et al. 1998). VEGFC and VEGED prefer- 
entially bind to VEGFR3 and have been implicated 
in adult lymphangiogenesis. 

Recent studies have demonstrated that the de- 
pendency of tumors on HIF-1@ activation for tumor 
growth may be determined by the physical location 
of the tumor. To study how HIF-1o inactivation af- 
fected tumor growth in different tissues, Blouw and 
coworkers generated HIF-lo-deficient astrocytes 
and implanted the cells ectopically (subcutis) or or- 
thotopically (brain) in nude mice (Blouw et al. 2003). 
These experiments revealed that loss of HIF-lo. sig- 
nificantly impaired the growth of ectopically placed 
astrocytomas but had no effect on cells growing in 
the brain. The investigators reported that HIF-la- 
deficient cells lacked the ability to mobilize VEGF 
and, hence, were unable to recruit new vascular net- 
works in the inherently blood vessel-poor subcuta- 
neous space. In contrast, the HIF-l0-deficient cells 
implanted in the brain were able to support their 
growth by exploiting the preexisting rich vascular 
networks. These results caution against attempts to 
convey information generated from ectopic tumors 
to those residing in their natural tissue of origin. 

A number of additional reports examining the 
growth of tumors in different anatomic regions con- 
clude that the microenvironment has an important 
regulatory role in determining expression levels of 
pro-angiogenic proteins. Takahashi and colleagues 


implanted gastric cancer cells in the stomachs of 
nude mice and compared VEGF expression with 
the identical cells implanted in the subcutaneous 
space (Takahashi et al. 1996). Tumors growing in 
the stomach expressed significantly more VEGF and 
were supported by a greater number of blood ves- 
sels than the ectopically placed tumors. Moreover, 
only tumors implanted into the stomach were ca- 
pable of producing metastases. Studies evaluating 
the growth of human colon cancer in the cecum 
and subcutis produced similar results (Jung et al. 
2000). Another growth factor whose expression is 
regulated by the microenvironment is basic fibro- 
blast growth factor (bFGF), a cytokine that controls 
the angiogenic switch of some tumors (Kandel et 
al. 1991). In a report in which human renal cell car- 
cinomas were implanted into different organ mi- 
croenvironments in nude mice, the expression of 
bFGF was shown to be 10-20 times higher in tumors 
implanted into the kidney than in those implanted 
into subcutaneous tissues (Singh et al. 1994). The 
subcutaneously implanted tumors contained fewer 
vessels and were characterized by a stroma rich in 
the angiostatic protein interferon-B (IFN-B), while 
no IFN-§ was detected in renal cell carcinomas im- 
planted in the kidney. 

In addition to modulating expression levels of an- 
giogenic stimulators, the tumor microenvironment 
may also have an important role in determining the 
functional role of pro-angiogenic proteins. Several 
independent lines of investigation have shown that 
the contribution of platelet-derived growth fac- 
tor (PDGF) to the tumor vascularization process is 
dependent on the anatomical location of the tumor. 
At present, four known PDGF polypeptides have 
been identified that can combine to form five PDGF 
isoforms: PDGF-AA, -AB, -BB, -CC, and -DD. These 
isoforms mediate their effects by binding to two 
protein tyrosine kinase receptors designated PDGFR- 
œ and PDGFR-B. Studies from our laboratory have 
demonstrated that PDGF-BB functions as a survival 
factor for blood vessels in the bone that supply pros- 
tate tumors (Langley et al. 2004), whereas tumors 
growing in the skin rely on PDGF-BB to regulate the 
level of interstitial fluid pressure (Pietras et al. 2001). 
In pancreatic tumors, PDGF assumes a completely 
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different role and functions to provide integrity to 
developing blood vessels by recruiting mural cells 
that lend support to the immature vascular wall 
(Bergers and Benjamin 2003). PDGF-BB contributes 
to angiogenesis in central nervous system tumors 
by stimulating the release of VEGF from the tumor 
endothelium (Guo et al. 2003). 


Microenvironmental Modulation of 
Cancer Therapy 


Empirical evidence from clinical reports suggests 
that the organ microenvironment is a critical fac- 
tor in determining the responsiveness of tumors 
to therapy. For example, metastases residing in the 
lymph nodes and skin of women with breast can- 
cer are more responsive to systemic chemotherapy 
than either lung or bone metastases (Slack and 
Bross 1975). To provide a molecular basis for the 
differential effects of chemotherapy observed be- 
tween the skin and lung, we implanted CT-26 murine 
colon cancer cells into the subcutaneous tissue or 
inoculated the cells intravenously to generate lung 
metastases (Wilmanns et al. 1992). We noted that 
CT-26 tumor cells growing in the lungs of synge- 
neic mice were refractory to systemic administra- 
tion of doxorubicin, whereas tumor cells residing 
in subcutaneous tissues were sensitive to the drug. 
CT-26 colon tumor cells harvested from lung metas- 
tases exhibited a greater resistance to doxorubicin 
than cells harvested from subcutaneous tissues. It 
was determined that there was a direct correlation 
between resistance of CT-26 cells and expression 
of the multi-drug-resistant protein P-glycoprotein 
and mdr-l. To determine whether the increased 
resistance to doxorubicin resulted from selection 
of a resistant subpopulation, we injected the CT-26 
cells from lung metastases into subcutis of synge- 
neic mice and noted that the resulting tumors were 
sensitive to doxorubicin. Parallel studies in which 
CT-26 cells were harvested from the subcutis and 
then inoculated to generate lung metastases led to 


the generation of tumors with increased resistance 
to doxorubicin. The resistant phenotype of the CT- 
26 cells harvested from lung was diminished after 
a short period of time in culture conditions. These 
experiments demonstrate that factors in the lung 
microenvironment alter gene expression patterns of 
some tumors, leading to an increased resistance to 
therapy. 

While most of the studies evaluating the differ- 
ential effects of drug based on tumor location have 
been performed with chemotherapeutic agents, there 
is some evidence to suggest that the effectiveness of 
anti-angiogenic agents may also be determined by 
the anatomical] location of the tumor. In a report 
evaluating the effect of TNP-470 on the growth of 
human glioblastoma growth in nude mice, Lund et 
al found that TNP-470 produced an 80% reduction 
in the tumor volume of subcutaneous implants, but 
had no effect on growth of tumors implanted into 
the brain (Lund et al. 2000). Collectively, the results 
from the preceding sections illustrate that there are 
vast differences in the expression patterns of angio- 
genic regulators between subcutaneously implanted 
tumors and orthotopically implanted tumors and 
that, moreover, subcutaneously growing tumors are 
more sensitive to therapeutic agents. 


Anti-angiogenic Therapy in an 
Orthotopic Model of Prostate Cancer 
Bone Metastases 


Cancer of the prostate is the most common cancer 
affecting men in North America and is the sec- 
ond leading cause of cancer-related deaths. Mor- 
tality from prostate cancer usually results from 
the metastasis of hormone-refractory cancer cells. 
Reports examining the pattern of metastasis in 
advanced prostate cancer indicate that dissemi- 
nation to bone and lymph nodes occurs in over 
80% of cases (Garnick and Fair 1996). The patho- 
physiology of prostate cancer bone metastases is 
complex and involves several different cell popu- 
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lations (i.e., tumor cells, osteoblasts, osteoclasts, 
endothelial cells) and an assortment of regulatory 
proteins (e.g., steroid hormones, cytokines, and 
growth factors). 

To clarify those factors that are critical for 
growth of prostate cancer cells in the bone, we 
established a murine model of hormone-refrac- 
tory prostate cancer bone metastasis. To generate 
prostate cancer growth in the bone, we performed 
a percutaneous intraosseal injection on nude mice 
by inserting a 27-gauge needle into the tibia imme- 
diately proximal to the tuberositas tibiae (Uehara 
et al. 2003). After penetrating the cortical bone, we 
deposited 20 ul of tumor cell suspension (2x10° an- 
drogen-independent PC3-MM2 cells) in the bone 
cortex with the use of a calibrated, push button- 
controlled dispensing device. Five weeks later, we 
resected the tumor-bearing leg and performed an 
extensive immunohistochemical survey of the bone 
lesions in an effort to identify potential factors that 
may be involved in the regulation of prostate tumor 
cell growth. A preliminary immunohistochemical 
evaluation revealed robust tumor cell expression 
of bFGF, VEGF, IL-8, PDGF-BB, and its receptor 
PDGFR-f. Expression of these proteins was most 
pronounced in tumors that were growing adjacent 
to the bone. In contrast, in those tumors that had 
lysed the bone and extended their growth to in- 
clude the surrounding muscle, we detected only 
minimal levels of the angiogenic proteins, suggest- 
ing that factors within the bone environment were 
influencing the phenotype of the tumor cells. 

A more comprehensive examination of the 
distribution pattern of PDGFR-B revealed that 
PDGFR-B was present both on prostate tumor cells 
and on tumor-associated endothelium and that, 
moreover, this receptor tyrosine kinase was acti- 
vated. Phosphorylated PDGFR-B was not found 
either in the contralateral non-tumor leg or in tu- 
mor cells growing away from the bone, i.e., in the 
muscle. These findings indicate that the PDGF-BB 
produced by tumor cells was acting in an autocrine 
manner to stimulate tumor cells and in paracrine 
fashion to convey information to tumor-associated 
endothelial cells. The expression pattern of acti- 
vated PDGFR-B in the bone metastases suggested 


that it might be a good candidate for therapy in that 
inhibition of this signaling cascade could poten- 
tially affect both the malignant cell population and 
the blood vessels necessary for their growth. To test 
this hypothesis, we devised a therapeutic strategy 
to treat mice with experimental bone metastasis 
using the small-molecule inhibitor of PDGFR-B, 
STI571 (imatinib mesylate, Gleevec). We found 
that treatment of mice with STI571 or the combi- 
nation of STI571 plus paclitaxel led to induction of 
significant apoptosis of endothelial cells and tumor 
cells that resulted in smaller tumors, fewer lym- 
phatic metastases, and a pronounced reduction in 
bone lysis (Uehara et al. 2003). These experiments 
demonstrated that tumor-associated endothelial 
cells express phosphorylated PDGFR when they 
encounter tumor cells that express PDGF, and that 
inhibition of this activation with a PDGFR tyrosine 
kinase inhibitor, particularly in combination with 
chemotherapy, can produce a significant therapeu- 
tic effect. 

To provide a molecular mechanism for the anti- 
angiogenic effects observed on the tumor-associ- 
ated endothelial cells in vivo, we established cul- 
tures of murine bone microvascular endothelial 
cells and examined their response to stimulation 
with PDGF-BB ligand and to blockade of PDGFR sig- 
naling with STI571 (Langley et al. 2004). Cultured 
bone endothelial cells expressed PDGFR-f, and the 
PDGF-BB-induced phosphorylation on these cells 
could be inhibited by STI571 in a dose-dependent 
manner. Stimulation of the bone endothelial cells 
with PDGF-BB resulted in a profound upregulation 
of Akt and ERK1/2, and this effect could be com- 
pletely abrogated by STI571. In addition, we noted 
that bone endothelial cells respond to PDGF-BB by 
increasing their cell division and upregulating the 
anti-apoptotic protein Bcl-2. We then examined the 
response of bone endothelial cells to treatment with 
STI571 and paclitaxel (Taxol). Treatment of bone 
endothelial cells with only a single agent produced 
little effect. However, the combined treatment 
with STI571 and Taxol resulted in a significant in- 
crease in the number of cells expressing activated 
caspase-3 and a concomitant decline in Bcl-2. 
Consistent with these results, we found that when 
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bone endothelial cells were confronted with both 
STI571 and low levels of Taxol, there was a three- 
fold increase in their cytotoxicity (Fig. 27.1). 

When considered in aggregate, our data sug- 
gest that a primary target for the STI571 and Taxol 
therapy may well be the blood vessels that perfuse 
the tumor tissue. To test this hypothesis, we estab- 
lished a multi-drug-resistant prostate cell line by 
chronically exposing PC3-MM2 cells to increasing 
concentrations of Taxol (Kim et al. 2006). The re- 
sulting cell line, PC3-MM2-MDR, is 70 times more 
resistant to paclitaxel in vitro, and the growth of 
the cells is not affected by treatment with paclitaxel 
or the combination of paclitaxel and STI571. When 
the PC3-MM2-MDR cells were implanted into the 


Fig. 17.1. Prostate tumor 
cells residing in the bone 
microenvironment release 
interleukin-6, which results 
in recruitment of macropha- 
ges (1). Tumor necrosis fac- 
tor-alpha (TNF-c) produced 
by activated macrophages (2) 
stimulates the bone remode- 
ling process, which releases 
transforming growth factor 
beta (TGF-B) from the bone 
matrix (3). Binding of TGF- 
P to its receptors on tumor 
cells enhances secretion of 
PDGF-BB, which acts in an 
autocrine manner to phos- 
phorylate PDGFR-B on tumor 
cells (4) and in paracrine 
fashion to signal activation 
of tumor-associated endo- 
thelial cells (5). Signaling on 
tumor endothelial cells leads 
to activation of programs 
that regulate survival and 
proliferation 


bone microenvironment, they displayed the same 
angiogenic profile as the parental cell line. In vivo, 
we found that the PC3-MM2-MDR bone lesions 
were responsive to the systemic administration of 
ST1I571 and paclitaxel. An examination of these le- 
sions following 14 days of treatment revealed that 
apoptosis (as determined by TUNEL-positive cells) 
was largely confined to the tumor-associated en- 
dothelial cells. This suggested that the first wave 
of apoptosis takes place in the tumor vasculature. 
However, after 4 weeks of treatment with STI571 
and paclitaxel, we observed significant apoptosis in 
both tumor-associated endothelial cells and in the 
tumor cells. The resulting lesions were character- 
ized by significant necrosis. 
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Heterogeneity of 
Microvascular Endothelial Cells 


The vascular endothelium is comprised of a single 
layer of cells that lines the intimal surface of all blood 
vessels. In addition to serving as a barrier at the blood- 
tissue interface, the endothelium also functions to 
maintain vascular homeostasis through regulation 
of macromolecule and fluid exchange, hemostasis, 
coagulation, inflammation, and immunologic re- 
sponses. While several of these biologic properties 
are intrinsic to all endothelial cells, the vascular en- 
dothelium is widely regarded as a functionally het- 
erogeneous structure (Gerritsen 1987). The molecular 
basis underlying endothelial cell diversity remains 
incompletely understood, but is believed to be the 
product of both genetic (Mikawa and Fischman 1992) 
and environmental (Aird et al. 1997) influences. 
Studies have shown that endothelial cells from dif- 
ferent vascular beds exhibit differences in their phe- 
notype, antigenic composition, production of vasoac- 
tive factors, metabolic properties, response to growth 
factors, and susceptibility to pathological conditions 
(Thorin and Shreeve 1998). Much of the recent interest 
in endothelial cell diversity has focused on the char- 
acterization of differentially distributed endothelial 
determinants that may be exploited for therapeutic 
targeting. Examinations of the vascular surface using 
phage display peptide libraries have demonstrated 
that the blood vessels perfusing both normal (Rajotte 
et al. 1998; Essler and Ruoslahti 2002) and pathologic 
(Arap et al. 1998) tissues express unique endothe- 
lial cell receptors and that, moreover, these surface 
specializations can support site-directed delivery of 
drug (Arap et al. 1998). Biochemical and structural 
differences have also been detected in the transport 
vesicles residing in different endothelial cells. McIn- 
tosh and coworkers reported that the caveolae of pul- 
monary microvascular endothelial cells were distinct 
from those present in other regional circulations and 
that this discriminating feature could be exploited to 
selectively transport immunotoxin to the lung (Mc- 
Intosh et al. 2002). A separate, but equally important, 
area of investigation has sought to determine those 


factors that promote endothelial cell proliferation in 
different tissues. Results generated from this area of 
study indicate that the efficacy of VEGF to promote 
neovascularization varies considerably among dif- 
ferent anatomic regions (Pettersson et al. 2000). Ad- 
ditional data indicate that some organs synthesize 
unique endothelial mitogens that possess activity 
only for select tissues (LeCouter et al. 2001). 

To advance our understanding of how endothelial 
cells from different organs contribute to angiogenesis 
and metastasis, we established a panel of microvas- 
cular endothelial cells lines from different organs of 
H-2 K®-tsA58 transgenic mice (Langley et al. 2003). 
Each of the different endothelial cell lines possess a 
temperature-sensitive SV40 large T antigen that is 
coupled to the MHC class I promoter. This unique 
feature allows the investigator to regulate SV40 large 
T protein expression and thus control the level of cell 
differentiation. Examinations conducted on these 
cells indicate that there are significant differences 
among organ-derived endothelial cells with respect 
to expression of receptor tyrosine kinases, chemo- 
kine receptors, and proteins that mediate the efflux 
of toxic substrates. For example, cerebral endothelial 
cells express measurable levels of PDGFR-B, the che- 
mokine receptor CXCR-2, and P-glycoprotein. How- 
ever, endothelial cells derived from the pulmonary 
circulation do not express any of these proteins. The 
organ-derived endothelial cells also show vast differ- 
ences in their response to stimulation with known en- 
dothelial cell mitogens. For brain and liver endothe- 
lial cells, bFGF promotes the greatest increase in cell 
division, whereas EGF is the most dominant mitogen 
for endothelial cells originating from uterus and 
lung. We have also noted that endothelial cells from 
some organs appear to have redundant receptors that 
signal for cell division and allow them to respond toa 
number of endothelial cell growth factors. Endothe- 
lial cells that were derived from the brain exhibited 
a significant increase in cell division in response to 
every growth factor that we evaluated (e.g., bFGF, 
EGF, PDGF-BB, IL-6, IL-8). It is tempting to speculate 
that the redundant growth factor signaling pathways 
present in brain endothelial cells are a reflection of 
the deleterious consequences that ensue upon cessa- 
tion of cerebral blood flow. Regardless, this finding 
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underscores the challenges faced when attempting 
to inhibit the neovascularization response in this or- 
gan. 

Molecular profiling of tumor-associated endo- 
thelial cells using serial analysis of gene expression 
indicates that these cells differ from endothelial 
cells found in normal blood vessels (St. Croix et al. 
2000). A recent examination of tumor endothelial 
cells determined that one distinguishing feature of 
tumor endothelia is their tendency to express the 
epidermal! growth factor receptor (EGF-R) (Amin et 
al. 2006). We recently demonstrated that EGF-R is ac- 
tivated on tumor blood vessels both in man and in 
xenograft models when tumor cells express the 
EGF-R ligands, transforming growth factor alpha 
(TGF-) or epidermal growth factor (EGF) (Yokoi 
et al. 2005), EGF-R signaling on tumor blood vessels 
appears to play a critical role in malignant progres- 
sion, since pharmacologic suppression of this pathway 
impedes growth of primary lesions and, more impor- 
tantly, reduces the incidence of metastasis (Baker et 
al. 2002; Yokoi et al. 2005). To pattern the phenotype 
of tumor endothelial cells and determine the effects 
of perpetual stimulation of EGF-R on endothelial 
cells, we created a novel, constitutively active chime- 
ric EGF-R by fusing the entire intracellular domain 
of the EGF-R to the N-terminus of the CD3¢ compo- 
nent of the T-cell receptor signaling complex (Cheng 
et al. 2005). The chimeric receptor, CD3-EGFR, was 
then stably introduced into brain endothelial cells, 
where it signaled for enhanced migration, synthesis 
of MMP-9, invasion, and aggressive growth. An ex- 
amination of the intracellular signaling pathways in 
CD3-EGFR brain endothelial cells revealed that sig- 
nal transducer and activator of transcription 3 (Stat3) 
was responsible for mediating the pro-angiogenic 
phenotype and that this phenotype could be reverted 
with EGF-R tyrosine kinase inhibitor PKI166. 

Stat proteins are members of a family of transcrip- 
tion factors that are activated in response to the bind- 
ing of an assortment of ligands (e.g., growth factors, 
cytokines, hormones) to their respective receptors. 
Stat activation leads to the generation of homodimers 
and heterodimers that enter the cell nucleus and bind 
to target gene promoters. Constitutively activated 
Stat3 expression has been reported in a variety of tu- 


mors, including those arising from the head and neck, 
brain, breast, lung, and other human tissues (Turkson 
and Jove 2000). Several of these tumors are depen- 
dent on Stat3 signaling for sustaining their growth 
and survival and, as a result, Stat3 is rapidly becom- 
ing an important target for therapeutic intervention. 
Our observation that Stat3 initiates activation of an- 
giogenic programs in some endothelial cells suggests 
that targeting of Stat3 in tumors that produce EGF or 
TGF-o may control tumor growth by affecting tumor 
cells and also by limiting the angiogenic response of 
the tumor vasculature. 


Conclusion 


Over the past several years, there has been an ap- 
preciable increase in our understanding of the cel- 
lular and molecular mechanisms that regulate the 
progression of tumors. Many of the key pathways 
that signal for angiogenesis in tumors have been 
identified, and much effort has been expended to- 
ward developing agents that interrupt these net- 
works. Similarly, the genetic determinants respon- 
sible for the spread of malignant tumor cells are 
becoming increasingly known, and this, too, will 
most likely lead to development of new therapeutic 
interventions. The development of successful cancer 
therapeutics requires the use of appropriate model 
systems. The evidence presented here suggests that 
utilization of models in which the tumor is placed 
into an ectopic location may lead to optimistic yet 
erroneous conclusions. The collective results gen- 
erated in our laboratory regarding the use of anti- 
angiogenic agents in orthotopic models suggest 
that the tumor vascular phenotype can, to a large 
extent, be predicted by examining the expression 
patterns of proteins that are produced by the tumor. 
As demonstrated here, when tumors produce PDGF- 
BB, then it is likely that the PDGFR is activated on 
the tumor-associated endothelium and, hence, can 
serve as a true molecular target to produce therapy 
of tumors. 
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Abstract 


To overcome the hurdles of conventional tu- 
mor therapy, efforts have been directed to- 
wards the development of anti-angiogenic 
agents, since the growth of solid tumors is 
dependent on their capacity to acquire a blood 
supply. More recently, it has become apparent 
that the targeted destruction of the established 
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Concept and Definitions 


The treatment of solid tumors with most chemo- 
therapeutic drugs relies on the expectation that the 
drugs will preferentially kill rapidly dividing tumor 
cells, rather than normal cells. However, the lack of 
selectivity towards tumor cells leads to toxicities in 
normal tissues with enhanced proliferation rates, 
such as the bone marrow, gastrointestinal tract and 
hair follicles. As the high interstitial pressure and 
the irregular vasculature of the tumor impair the 
accumulation of the active agents at the tumor site, 
the efficiency of conventional therapy is further 
decreased (Bosslet et al. 1998). Moreover, the ac- 
tivity of multi-drug resistance proteins minimizes 
drug uptake and leads often to failure of the therapy 

(Ramachandran and Melnick 1999). A promising ap- 

proach to circumvent the hurdles of tumor therapy 

is the emerging field of vascular targeting. 

Vascular tumor targeting aims at the rapid and 
selective shutdown or damage of the established 
tumor vasculature. This strategy will lead to tumor 
cell death as the blood supply to these cells has been 
cut off. Potential advantages of this strategy over at- 
tacking tumor cells are: 

o Occluding one blood vessel will trigger the death 
of a large number of tumor cells which depend on 
it for supply of nutrients and oxygen. 

è One single vascular targeting agent could in 
principle be used to treat a wide range of solid 
tumors. 

e Endothelial cells and cells of the surrounding 
stroma are genetically more stable than tumor 
cells, so therapy resistance is less likely to occur. 
Moreover, these cells are usually easily accessible 
for any compound. 


A broader definition of vascular targeting, which 
is not limited to the thrombosis of neovasculature, 
may be "the targeted delivery of bioactive agents to 
new blood vessels”. Figure 28.1 illustrates the overall 
concept. 

Vascular tumor targeting is only possible because 
the endothelium and the surrounding stroma in 


tumors differ from that in normal tissue; this fact 
has long been known, but only recently have these 
differences begun to be characterized at the molecu- 
lar level. Compared with the vasculature in normal 
tissue, the tumor vasculature is strikingly disorga- 
nized and tortuous (Eberhard et al. 2000; Konerding 
et al. 2001; McDonald and Choyke 2003). The flow 
of blood through the tumor capillaries is frequently 
sluggish, and at times might be stationary or even 
experience a reversal in direction (Tozer et al. 1990, 
2005). The microenvironment - including blood and 
the endothelium lining the vessels - is profoundly 
hypoxic (Helmlinger et al. 1997). In this environ- 
ment, the endothelial cell proliferates rapidly and 
contributes to active angiogenesis (Denekamp and 
Hobson 1982). The tumor is also nutrient starved, 
acidic and under oxidative stress (Toyokuni et al. 
1995; Brown and Bicknell 2001); it has been shown 
that the endothelial cell responds transcriptionally 
to these stimuli and remodeling activities, giving 
rise to the production of new proteins either on their 
surface or in the surrounding extracellular matrix. 
Some of these specific markers can be used as targets 
for vascular-targeting approaches. 

We will first review the classes of compounds that 
are currently used for the targeting. The best-char- 
acterized markers of angiogenesis will then be ana- 
lyzed and the technologies for finding them will be 
discussed. The last two sections deal with imaging 
and therapy applications based on vascular tumor 
targeting strategies. 


Classes of Molecules For 
Vascular Tumor Targeting Applications 


In pharmaceutical biotechnology, antibodies are 
indisputably the best-established class of bind- 
ing molecules for tumor diagnosis and therapy. 
Nevertheless, even these blockbusters exhibit certain 
drawbacks, such as the requirement for an expensive 
mammalian cell production system, low expression 
yields, dependence on disulfide bonds for stability, 


Fig. 28.1. Illustration of the concept of 
vascular targeting. The targeted drug 
is delivered intravenously and homes 
to the tumor-induced antigen that may 
be either on the endothelial cell or in 
the perivascular space 


and the tendency to aggregate, especially when fused 
to additional domains or proteins (e.g. cytokines). 
For this reason, small globular proteins, peptides, 
aptamers and specific small organic molecules as 
binding reagents are currently being investigated 
for tumor-targeting applications. 


28.2.1 
Antibodies 


At present, monoclonal antibodies (and possibly ap- 
tamers) are the only general class of binding mol- 
ecules that can be rapidly isolated with high affin- 
ity and specificity to virtually any target. Rodent 
monoclonal antibodies produced by hybridoma cells 
were obtained as early as 1975 (Kohler and Milstein 
1975). In order to circumvent the immunogenicity 
of rodent antibodies, also human monoclonal an- 
tibodies could be produced either by fusing B-cells 
with an appropriate partner cell to obtain hybrid- 
omas (Kozbor et al. 1982; Karpas et al. 2001) or by 
immortalizing B-cells with Epstein-Barr vi- 
rus (Steinitz et al. 1977; Kozbor and Roder 1981). 
Moreover, in order to improve efficiency diverse 
other strategies have been developed for the pro- 
duction of human antibodies of desired speci- 
ficity. These strategies include humanization of 
murine monoclonal antibodies through protein en- 
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gineering (Jones et al. 1986), selection of antibod- 
ies from phage-display libraries of human origin 
(McCafferty et al. 1990; Viti et al. 2000; Silacci et al. 
2005) and immunization of transgenic mice carry- 
ing human immunoglobulin loci, followed by pro- 
duction of monoclonal antibodies using hybridoma 
technology (Green 1999). In 1999, ribosome display 
has also been proposed as a fully in vitro avenue 
for the isolation and affinity maturation of human 
antibodies (Schaffitzel et al. 1999). 

Monoclonal IgG antibodies exhibit slow elimi- 
nation from the blood and accumulate in the liver. 
For these reasons, rapidly clearing antibody frag- 
ments are typically preferred for imaging appli- 
cations in nuclear medicine. By contrast, intact 
immunoglobulins continue to represent the anti- 
body format of choice for many therapeutic applica- 
tions (Brekke and Sandlie 2003), especially for those 
which rely on the antibody ability to interfere with 
signaling events or to activate antibody-dependent 
cellular cytotoxicity mechanisms or complement. 

In our experience, antibody phage technology 
represents an extremely efficient avenue for pro- 
ducing good-quality human monoclonal antibod- 
ies. The methodology yields monoclonal antibody 
fragments (typically in scFv or Fab format), which 
can easily be reformatted into IgG format by trans- 
planting the genes coding for the variable antibody 
domains into suitable expression vectors. 
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28.2.2 
Small Globular Proteins as Binding Reagents 


Already in the 1990s several research groups have 
focused their research on the development of small 
globular proteins as substitutes for antibody-based 
drugs. In this approach, the concept of a universal 
binding site from the antibody structure is trans- 
ferred to alternative protein frameworks, the so- 
called scaffolds. For example, a peptide with known 
affinity towards a certain target can be inserted as 
a loop into the structure of a carrier protein. In 
this way, the desired favorable characteristics of 
the scaffold (e.g. cheap to manufacture, stability, 
solubility, pharmacokinetic profile etc.) are com- 
bined with the binding properties of the peptide 
(Ali et al. 1999). Alternatively, certain amino acid 
residues of a globular protein can be combinato- 
rially mutated, followed by screening for variants 
with specific binding properties towards the target. 
Until now, more than 40 scaffolds have been used for 
the generation of protein binders (reviewed in Binz 
et al. 2005). Mainly of academic interest at first, this 
approach has been pursued by small and medium- 
sized companies, some of which now have binders 
that are already in phase II trials for several dis- 
eases (reviewed in Hey et al. 2005). 

As therapeutics, small globular proteins are par- 
ticularly interesting if the neutralization of a target 
protein is the only desired pharmacological effect 
(in contrast to a full-length antibody, where the Fc 
portion may stimulate immune processes) or as 
fusion proteins, for the targeted delivery of bioac- 
tive molecules to sites of disease. Beside pharma- 
cokinetic aspects for small proteins, such as rapid 
clearance, a crucial issue for these therapeutics will 
be their immunogenicity profile. Since it has been 
reported that even fully human proteins could in- 
duce immune responses (Mirick et al. 2004), simi- 
lar problems might arise with globular proteins. 
Preclinical and clinical trials will show which scaf- 
folds will be good enough for pharmaceutical ap- 
plication. 


28.2.3 
Peptides 


Phage display libraries of linear and disulfide con- 
straint peptides (Felici et al. 1995) are commercially 
available and can be used for the isolation of pep- 
tidic binders to target proteins of interest. In general, 
success rates are not as high as in the case of anti- 
body phage technologies, and affinities are rarely 
better than micromolar [higher only in exceptional 
cases, although avidity can be improved by mul- 
timerization (Terskikh et al. 1997; Wrighton et al. 
1997)]. Ribosome display (Mattheakis et al. 1994) 
and other technologies for the construction of very 
large peptide libraries and for their molecular evolu- 
tion have been proposed (Collins et al. 2001), but the 
isolation of high-affinity peptidic binders remains 
a formidable challenge. In addition, the limited in 
vivo stability of linear peptides may compromise 
their pharmaceutical application and remains a 
cause of concern. 

The groups of Pasqualini and Ruoslahti 
(Pasqualini and Ruoslahti 1996; Trepel et al. 2002) 
used peptide phage libraries for in vivo panning. 
This avenue has been pursued by other groups (Arap 
et al. 1998; Finger et al. 2002), but the real imaging 
and therapeutic potential of these phage-derived 
peptides remains to be investigated in advanced 
animal models, as well as in the clinic. 

A number of internalizing peptides, specific to 
receptors which are overexpressed in tumor cells, 
have been used for the imaging of tumors and for 
the selective delivery of therapeutic radionuclides 
to neoplastic lesions. The somatostatin analog oc- 
treotide (Kowalski et al. 2003), for example, has 
been approved in Europe and USA for the imaging 
of tumors. Several other reagents are in develop- 
ment (Behr et al. 2001; Kowalski et al. 2003), such 
as integrin-binding peptides (RGD peptides; Chen 
et al. 2004) and bombesin peptide analogue (Okarvi 
and al-Jammaz 2003). 

The successful imaging results obtained with so- 
matostatin analogues suggest that cyclic peptides 


may be used for the molecular targeting of angio- 
genesis, particularly if one can select for peptides 
which are rapidly internalized by the proliferating 
endothelial cells, but not by the quiescent endothe- 
lium. 


28.2.4 
Aptamers 


Besides antibodies, aptamers (single-stranded 
nucleic acids, DNA or RNA, capable of adopting a 
complex three-dimensional structure) are possibly 
the only other class of molecules from which spe- 
cific binding molecules against a variety of target 
proteins can be isolated. Aptamer technology relies 
on the fact that it is possible to generate large (>10'” 
members) libraries of single-stranded nucleic acids 
which can be panned against the macromolecular 
target of interest. The nucleic acids captured in this 
procedure can then be amplified using PCR-based 
techniques and used to generate single-stranded 
material for further cycles of panning. Aptamers 
have to be stabilized for in vivo applications. A 
number of strategies have been proposed for this 
purpose, including notably Spiegelmer technology 
(Vater and Klussmann 2003). 

Recently, the first aptamer (Macugen’) was ap- 
proved for the treatment of age-related macular 
degeneration (Doggrell 2005). Macugen™ binds to 
VEGF-165 (but not to smaller VEGF-A isoforms) and 
inhibits ocular angiogenesis, following intravitreal 
administration. 

Promising imaging studies of rodent models of 
cancer with radiolabeled aptamers specific to tenas- 
cin-C have been described (Hauff et al. 2003). The po- 
tential of aptamers for tumor-targeting applications 
is now being investigated in the clinical setting. 


28.2.5 
Small Organic Drugs 


The vast majority of drugs on the market are small 
organic compounds. In typical cases, oral availabil- 
ity, ease of manufacture, lack of immunogenicity 
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and the ability to penetrate into ceils represent some 
of the advantages that small organic compounds 
have over biopharmaceuticals. 

In most cases, small organic drugs on the market 
interact with a component of one of four main pro- 
tein classes: enzymes, receptors, ion channels and 
carrier molecules. In contrast to antibody technol- 
ogy, the isolation of high-affinity small molecules 
binding to proteins lacking well-defined pockets or 
that modulate protein-protein interactions is dif- 
ficult (Arkin and Wells 2004). An increasing num- 
ber of experimental findings provide evidence that 
high-affinity and specific binders can be achieved by 
linking two or more organic compounds which rec- 
ognize adjacent epitopes of the target protein, thus 
exploiting the chelate effect. Methods for the iden- 
tification of such bidentate ligands include SAR-by- 
NMR (Shuker et al. 1996), dynamic combinatorial 
chemistry (Ramstrom and Lehn 2002) and tethering 
approaches (Erlanson et al. 2003). Our laboratory 
recently developed a novel technology termed en- 
coded self-assembling chemical library technology 
(ESACHEL; Melkko et al. 2004). In this technology, 
every compound of the library is covalently coupled 
to an oligonucleotide, which mediates the self-as- 
sembly of the library and carries an identification 
DNA tag for every pharmacophore. Similar to an- 
tibody phage display libraries, ESACHEL libraries 
can be panned in solution, thus enriching bidentate 
ligands towards the target of interest. The decod- 
ing of the selected compounds can take place by 
a number of experimental techniques (e.g. hybrid- 
ization on DNA chips, by a modified PCR followed 
by sequencing). We have described the isolation of 
ESACHEL-derived bidentate molecules with nano- 
molar affinity to carbonic anhydrase II (Melkko et 
al. 2004). Isoenzymes of carbonic anhydrases turned 
out to be relevant targets, e.g. carbonic anhydrase IX 
shows an expression only under hypoxic conditions 
and in some tumors (Chrastina 2003; Grabmaier et 
al. 2004). 

More in general, it appears that combinato- 
rial chemistry methodologies such as SpeedScreen 
(Zehender et al. 2004) and DNA-encoded chemical 
library technology (Gartner et al. 2004) may allow 
the screening of chemical libraries of unprecedented 
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size. It remains to be seen whether these approaches 
can rival the efficiency of recombinant antibody 
technology for the generation of specific binders to 
protein targets of interest. 


Classes of Vascular Targets 


A number of protein targets expressed either in the 
vessel or in the adjacent matrix of the vessel have 
been characterized as targets for the selective deliv- 
ery of compounds to the tumor neovasculature. 


Poaw ee 
28.3.1 
Extra-Domain B of Fibronectin 


Fibronectin is a large glycoprotein that is present in 
large amounts in the plasma and tissues. Extra-do- 
main B (EDB) is a 91-amino-acid type III homology 
domain that becomes inserted into the fibronectin 
molecule under tissue-remodeling conditions by a 
mechanism of alternative splicing at the level of the 
primary transcript (Zardi et al. 1987). EDB is es- 
sentially undetectable in healthy adult individuals, 
whereas EDB-containing fibronectin is abundant in 
many aggressive solid tumors and displays either 
predominantly vascular or diffuse stromal pat- 
terns of expression, depending on the tumor type 
(Carnemolla et al. 1989). Despite its very restricted 
expression, EDB does not seem to be indispensable, 
as mice lacking the EDB exon develop normally 
(Fukuda et al. 2002). The EDB sequence is identi- 
cal in mouse, rat, rabbit, dog, monkey and man. 
This feature facilitates animal experiments in im- 
munocompetent syngeneic settings, but has, so far, 
prevented the isolation of anti-EDB antibodies using 
hybridoma technology, probably due to tolerance. 
A few years ago, using phage display tech- 
nology (Winter et al. 1994) and other methods 
(Giovannoni et al. 2001), our group, in collabora- 
tion with the group of L. Zardi (Genoa, Italy), suc- 
ceeded in isolating a number of human monoclonal 


antibodies to EDB (Carnemolla et al. 1996; Neri et 
al. 1997; Pini et al. 1998). These include the high-af- 
finity human antibody L19, which has been shown 
to efficiently localize to tumor blood vessels in 
animal models (Tarli et al. 1999; Viti et al. 1999; 
Demartis et al. 2001) and in patients with cancer 
(Santimaria et al. 2003) following intravenous in- 
jection. A large number of therapeutic derivatives 
of the L19 antibody have been produced and tested 
in animals, including conjugates to fluorophores 
and photosensitizers (Birchler et al. 1999a, 1999b), 
therapeutic radionuclides (Borsi et al. 2002; Ber- 
ndorff et al. 2005), liposomes (Marty et al. 2002), 
procoagulant agents (Nilsson et al. 2001), cytokines 
(Carnemolla et al. 2002; Halin et al. 2002a, 2002b; 
Borsi et al. 2003; Ebbinghaus et al. 2005), enzymes 
(Heinis et al. 2004) and other proteins (Melkko 
et al. 2002; Niesner et al. 2002). Importantly, the 
anti-EDB antibody L19, in homodimeric single- 
chain Fv format and labeled with iodine-123, has 
been studied in over 40 patients with cancer. The 
results obtained in the first 20 patients have recently 
been described (Santimaria et al. 2003) and con- 
firm the ability of the antibody to localize to tumor 
masses exhibiting rapid growth. L19-interleukin 
2 (L19-IL2), L19-tumor necrosis factor (L19-TNF) 
and small-immuno-protein [SIP]-L19-1131 are three 
therapeutic derivatives of the L19 antibody which 
are currently in clinical development (Menrad and 
Menssen 2005). 


28.3.2 
Large Tenascin-C Isoforms 


Tenascin-C, a polymorphic high-molecular-mass 
extracellular matrix glycoprotein exists in several 
isoforms which are generated as a result of different 
patterns of alternative splicing in the region between 
domains Al and D (Siri et al. 1991). These large iso- 
forms of tenascin-C, containing extra domains, have 
long been known to be tumor-associated antigens. 
Though not completely absent in healthy tissues, they 
show a more restricted pattern of expression than the 
isoforms without extra domains (Borsi et al. 1992), 
Especially the C domain of tenascin-C shows the most 


restricted expression pattern: while being undetect- 
able in normal human tissues and only barely detect- 
able in most carcinomas, it is extremely abundant in 
high-grade astrocytoma (grade II] and glioblastoma), 
particularly around vascular structures and prolifer- 
ating cells (Carnemolla et al. 1999). 

A critical immunohistochemical analysis of the 
expression pattern of the different isoforms in vari- 
ous cancer types is needed to evaluate their poten- 
tial as targets for biomolecular intervention. Ra- 
diolabeled derivatives of monoclonal antibodies to 
domains Al and D of tenascin-C have been used for 
imaging and radioimmunotherapy in patients with 
cancer for over a decade (Paganelli et al. 1999; Riva 
et al. 1999a, 1999b; Leins et al. 2003; Bartolomei et 
al. 2004). The pattern of staining of these antibodies 
varies among different tumors, the two extremes be- 
ing a predominantly vascular and a diffuse stromal 
staining. Recently, there has been renewed interest 
in the use of antibodies specific to the small iso- 
form of tenascin-C for tumor-targeting applications 
(Petronzelli et al. 2005). 


28.3.3 
Phosphatidyl Serine 


Phosphatidyl serine (PS) phospholipids are major 
components of the cell membrane which are prefer- 
entially found in the inner leaflet of the lipid bilayer. 
However, under conditions of cellular stress, apop- 
tosis, platelet activation and endothelial cell prolif- 
eration in tumors, PS becomes exposed on the outer 
leaflet of the cell membrane (Bucki et al. 2001; Ran et 
al. 2002). Annexin V and monoclonal antibodies have 
been used to confirm the surface accessibility of the PS 
moiety on endothelial cells in vitro (for example, after 
treatment with hydrogen peroxide) and in vivo (Ran 
et al. 2002, 2005). The impressive microscopic analy- 
sis of tumor-targeting performance by monoclonal 
antibodies to PS has not yet been complemented by a 
quantitative biodistribution analysis, but the 9D2 and 
3G4 antibodies displayed potent antitumor activities 
even when used as naked antibody in rodent models 
of cancer. Recently it was shown that the vascular 
targeting antibody, 3G4, significantly enhances the 
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therapeutic efficacy of docetaxel against the growth 
and dissemination to the lungs of MDA-MB-435 hu- 
man breast tumors in mice without concomitant in- 
crease in host toxicity (Huang et al. 2005). A chimeric 
version of 3G4 has been developed and is scheduled 
to enter clinical trials now. 


28.3.4 
Annexin A1 


Annexins are cytosolic proteins that can associate 
with cell membranes in a calcium-dependent man- 
ner. Some annexins may translocate the lipid bilayer 
to the external cell surface. Annexin Al was discov- 
ered as a tumor endothelial target by Schnitzer and 
co-workers (Oh et al. 2004). A monoclonal antibody 
to this antigen has been used for the radioimmu- 
noscintigraphic detection of solid tumor lesions in 
a rat model. Furthermore, relatively low radioactive 
doses of the same antibody labeled with iodine-125 
have shown therapeutic benefit in rats. 


28.3.5 
Integrins 


During vascular remodeling and angiogenesis, en- 
dothelial cells show increased expression of several 
cell-surface molecules that potentiate cell invasion 
and proliferation. One such molecule is integrin- 
ovB3, which has a key role in endothelial cell sur- 
vival during angiogenesis in vivo and which might 
serve as a target for therapeutic molecules, particu- 
larly those that require internalization in endothelial 
cells. Monoclonal antibodies to integrin-avp3 have 
been shown to display anti-angiogenic activities and 
to preferentially stain tumor blood vessels. However, 
expression of integrin-o,8, and other integrins has 
been reported in several normal tissues. 

Efforts to influence the biology of blood vessels 
by gene delivery have been pursued using cationic 
nanoparticles coupled to an integrin-o,B, targeting 
ligand for the selective gene delivery to angiogenic 
blood vessels, with a substantial therapeutic benefit 
in tumor-bearing mice (Hood et al. 2002). 
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A high-affinity humanized anti-o.,B, antibody is 
in clinical development as an anti-angiogenic thera- 
peutic (Gutheil et al. 2000); to date, however, its tu- 
mor-targeting performance for cancer has been un- 
satisfactory (Posey et al. 2001). 

Anti-o.,B, antibodies have been shown to prefer- 
entially localize to tumor blood vessels using ex vivo 
fluorescence microscopy detection (Baluk et al. 2003). 
Furthermore, a paramagnetic contrast agent targeted 
to the LM609 monoclonal antibody, which is specific 
to a8, has been described for the in vivo imaging 
of angiogenesis using magnetic resonance (Sipkins et 
al. 1998). 


28.3.6 
Vascular Endothelial Growth Factors and 
Their Receptors 


Vascular endothelial growth factors (VEGFs) repre- 
sent a class of proteins that mediate angiogenesis. The 
overexpression of VEGFs and their receptors in tu- 
mors (Brekken et al. 1998; Oh et al. 2004) makes them 
attractive targets. Especially, the recent approval of 
the humanized anti-VEGF monoclonal antibody be- 
vacizumab for first-line cancer treatment (Ferrara 
2004; Ferrara et al. 2004) has highlighted the contri- 
bution of VEGF-A to cancer progression. In addition, 
the selective localization of monoclonal antibodies 
to VEGF-A, VEGF receptor 2 and the VEGF-A/VEGF 
receptor 2 complex has been studied (Ke et al. 1996; 
Prewett et al. 1999; Zhu and Witte 1999; Brekken 
et al. 2000; Cooke et al. 2001). The targeting efficien- 
cies reported so far were modest, which possibly re- 
flects kinetic limitations in the targeting of low or 
medium abundance antigens, even when they are 
readily accessible to binding agents injected into the 
bloodstream (Halin et al. 2002a). 


28.3.7 
Prostate-specific Membrane Antigen 


Prostate-specific membrane antigen (PSMA) is a 
membrane glycoprotein with proteolytic activity. 
It is predominantly expressed in the prostate, and 


serum concentrations are often elevated in patients 
with prostate cancer (Bostwick et al. 2000). The in- 
terest for vascular targeting applications of PSMA 
has been stimulated by the observation that PSMA 
is over-expressed in the neovasculature of several 
solid tumors (Liu et al. 1997; Chang et al. 1999), 
whereas expression around blood vessels in nor- 
mal tissues is limited to breast, kidney, duodenum 
and prostate. Specific antibody derivatives to PSMA 
with alpha-emitting radionuclides in rodent cancer 
models have been reported (Li et al. 2002). More re- 
cently, the radiolabeled antibody J591 has been used 
for tumor imaging (Bander et al. 2003) and is cur- 
rently being evaluated for therapeutic applications 
(Milowsky et al. 2004; Bander et al. 2005). 


28.3.8 
Endoglin 


Endoglin (CD105) is a transforming growth factor-B 
(TGF-B) co-receptor that is overexpressed in tumor 
neovasculature (Wang et al. 1993; Burrows et al. 
1995). Even though immunohistochemical analysis 
has shown endoglin expression in normal adult tis- 
sues (Matsubara et al. 2000; Balza et al. 2001), mono- 
clonal antibodies to endoglin have been used in bio- 
distribution studies and for imaging in rodents and 
dogs (Bredow et al. 2000; Fonsatti et al. 2000). 


28.3.9 
Nucleolin 


Ruoslahti and colleagues reported a 31-amino-acid 
synthetic peptide (F3) that accumulates in the nuclei 
of tumor endothelial cells and tumor cells (Porkka et 
al. 2002). The cell surface protein that is recognized 
by F3 was then identified as nucleolin (Christian 
et al. 2003). The internalization of F3 takes place 
in a nucleolin-dependent manner, as antinucleolin 
antibodies that were previously injected inhibited 
F3 cellular uptake. The restricted expression pat- 
tern of nucleolin and its ability to internalize bind- 
ing agents make it an attractive target for directed 
tumor therapy. 


28.3.10 
Other Possible Targets 


Over the past few years, a range of antigens have 
been proposed as vascular targets for imaging and 
for the selective delivery of drugs to the tumor. 

Peptides to the endothelial antigen CD13 have 
been isolated (Pasqualini et al. 1997, 2000), and 
peptide fusions with tumor necrosis factor (TNF) 
have shown to markedly increase the therapeutic 
ratio of this biopharmaceutical (Curnis et al. 2000), 
even at low doses (Curnis et al. 2002). 

Radiolabeled monoclonal antibodies against 
a CD44 isoform, which is a cell-surface receptor, 
have performed impressively in tumor-targeting 
experiments in animal models (Wakai et al. 2000). 

Magic roundabout or ROBO4, a member of the 
roundabout receptor family, is a promising tar- 
get as it is absent in adult tissues except at sites of 
angiogenesis (Huminiecki et al. 2002). This gene 
product is believed to be intimately involved in the 
development of the vasculature. Biodistribution 
studies, e.g. with radiolabeled antibodies, will give 
more information about the suitability of ROBO-4 
as a vascular tumor target. 

Developmental endothelial locus-1 (Del-1) is a 
unique integrin ligand produced by endothelial 
cells, thus mediating autocrine signals. It has been 
reported to mediate angiogenesis in the adult (Aoka 
et al. 2002). Biodistribution studies are needed for 
the evaluation of the suitability of Del-1 as a tar- 
get. 

Endothelial-specific protein disulfide isomerase 
(EndoPDI) is a hypoxia-induced gene that is pre- 
dominantly expressed by the endothelium (Sulli- 
van et al. 2003). Functionally, EndoPDI has been 
shown to protect the endothelium from apoptosis 
during hypoxia-induced stress. Use of RNA inter- 
ference has shown to that EndoPDI is required for 
the folding of endothelial-protective molecules, 
including endothelin-1 (EDN1), adrenomedullin 
(ADM) and CD105, which are produced when en- 
dothelial cells are exposed to hypoxic stress. In- 
hibition or ablation of EndoPDI should, therefore, 
make the hypoxic tumor endothelium more sensi- 
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tive to apoptosis, particularly if it is concurrently 
stressed by a cytotoxic drug or radiotherapy. 

Other tumor endothelial markers (TEMs) will be 
discussed below. 


Methodologies for the Discovery of 
Novel Vascular Tumor Targets 


Until recently, most attempts to identify tumor vas- 
cular targets were based on the study of in vitro 
primary cultures of endothelial cells, exposed to 
conditions which would mimic cell proliferation or 
quiescence. Another popular approach has been to 
raise antibodies [typically by immunization (Borsi 
et al. 1987) or by antibody phage technology (Mu- 
tuberria et al. 2004)] to different endothelial cul- 
tures. Both efforts failed to identify differentially 
expressed proteins at the molecular level, although 
differences in gene expression could be observed. 
However, real advances have come with the advent of 
techniques that allow full genome analysis. In par- 
ticular, mRNA-based serial analysis of gene expres- 
sion (SAGE) or microarray analyses combined with 
bioinformatics analyses on the wealth of expression 
data that are now available in the public domain 
have been particularly fruitful. 


28.4.1 
Bioinformatics 


In 1995, Adams and colleagues described an initial 
assessment of human gene diversity and expression 
patterns based on 83 million nucleotides of DNA 
sequence (Adams et al. 1995), They noted that the 
endothelial cell is one of the richest transcriptional 
sites, which indicates that there could be several 
genes for which expression is restricted to the en- 
dothelium. Tumor endothelial markers were se- 
lected by screening the expression of endothelial 
specific genes in normal and tumor tissues. One 
such approach applied a subtractive algorithm to 
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the expressed sequence tag expression data that are 
available in the public databases to identify novel 
endothelial-specific genes (Huminiecki and Bicknell 
2000). These were then screened for expression by 
in situ hybridization, which identified, for example, 
ROBO-4 and EndoPDI as tumor endothelial mark- 
ers. 


28.4.2 
Transcriptomic Profiling 


The SAGE technique allows simultaneous and quan- 
titative analysis of a large number of transcripts 
(Velculescu et al. 1995). SAGE is based on the serial 
sequencing of 15-bp tags that are unique to each and 
every gene. These gene-specific tags are produced 
by a series of molecular biological manipulations 
and then concatenated for automated sequencing. 
An advantage of SAGE is that the method is unbiased 
by experimental conditions, so direct comparison of 
data sets is possible. St. Croixand colleagues used the 
SAGE technique to gain a molecular understanding 
of tumor angiogenesis (St. Croix et al. 2000). After 
isolation of endothelium from normal and cancerous 
colon, SAGE libraries were constructed and a direct 
comparison identified genes that were upregulated 
in the tumor endothelium. This led to the identifi- 
cation of several novel tumor endothelial markers 
(TEMs). As vascular targeting is more straightfor- 
ward if the molecular target is expressed on the 
cell surface, further work has concentrated on four 
of these genes that encode proteins with predicted 
transmembrane proteins (Carson-Walter et al. 2001; 
Nanda and St. Croix 2004). TEM1, TEM7 and TEM8 
show single-pass transmembrane domains. TEM5 
is an orphan seven-pass transmembrane G-protein- 
coupled receptor (GPCR) with a long extracellular 
amino-terminal domain and belongs to the family 
of the so-called adhesion family of GPCRs. Mouse 
orthologs have been identified and their expression 
in normal and tumor tissues investigated. TEM], 
TEM5 and TEM8 showed strong tumor-endothelial 
expression but were essentially absent from normal 


tissue (Carson-Walter et al. 2001). The subsequent 
molecular cloning of endosialin showed it to be iden- 
tical to TEM] (Christian et al. 2001). Recent work 
has shown conclusively that endosialin/TEM1 is pre- 
dominantly expressed by fibroblasts and a subset 
of pericytes associated with tumor vessels, and not 
by the tumor endothelium itself (MacFadyen et al. 
2005), indicating that the isolated tumor endothelial 
cells from which the SAGE library was made were 
contaminated with these closely associated cells. 

TEM8 has been shown to be an anthrax-toxin re- 
ceptor, and binding of the toxin to TEM8 expressed 
on tumor endothelium, followed by endothelial 
death, might explain the antitumor activity of the 
toxin (Duesbery et al. 2001). 


28.4.3 
Perfusion with Silica Beads 


One of the most direct ways to discover mark- 
ers of angiogenesis may consist in the in vivo 
labeling of vascular structures, followed by recov- 
ery and comparative proteomic analysis. Schnitzer 
and co-workers have used a subtractive proteomic 
mapping strategy to identify proteins that are dif- 
ferentially expressed on the endothelial surface in 
normal and tumor tissue. Colloidal silica is used 
for the in vivo coating of the vasculature, followed 
by subcellular fractionation to directly isolate lu- 
minal endothelial cell plasma membranes (Durr et 
al. 2004). The isolated plasma membranes are then 
analyzed using two-dimensional gel electrophore- 
sis or multiple multidimensional mass spectrom- 
etry techniques to produce high-resolution protein 
maps. Differential spot analysis followed by mass 
spectrometry of tryptic peptides, database search- 
ing and immunoblotting allowed the characteriza- 
tion of differentially expressed proteins. Recently, 
the analysis of the endothelium of normal rat lung 
tissue compared to lungs with metastatic breast ad- 
enocarcinomas led to the identification of 15 pro- 
teins that were upregulated on the endothelium (Oh 
et al. 2004). 


EES 
28.4.4 
In Vivo and Ex Vivo Biotinylation 


More recently, the in vivo perfusion of tumor-bear- 
ing mice with active ester derivatives of biotin has 
been reported (Rybak et al. 2005). This approach 
involves the reaction of biotin ester derivatives with 
primary amino groups of proteins which are readily 
accessible from the bloodstream. Biotinylated pro- 
teins can then be purified on a streptavidin column 
in the presence of SDS from homogenized tissue, 
digested on resin and identified using LC-MS/MS 
methodologies (Rybak et al. 2004). The biotinylation 
of mice with F9 subcutaneous tumors or orthotopic 
kidney tumors revealed both quantitative and qual- 
itative differences in the recovery of biotinylated 
proteins, as compared with normal tissues (Rybak 
et al. 2005). More recently, this approach has been 
extended to the ex vivo biotinylation of surgically 
resected human organs with cancer (Castronovo et 
al. 2006). 


Imaging Applications of 
Vascular Tumor Targeting 


One of the most straightforward biomedical appli- 
cations of ligands (typically monoclonal antibod- 
ies) capable of selective localization around tumor 
vascular structures may reside in the macroscopic 
in vivo imaging of sites of disease. The visualiza- 
tion of the homing of ligands to vascular structures 
imposes two main requirements: 
e Appropriate chemical modification to make the 
ligand visible 
e Macromolecular targets that are abundant 
enough to counterbalance the small contribu- 
tion of vascular structures to the overall solid 
tumor mass 
In principle, four main chemical modification 
strategies can be envisaged for the molecular im- 
aging of angiogenesis-related diseases: 
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e The radioactive labeling of ligands, for SPECT 
or PET imaging modalities (Dzik-Jurasz 2003; 
Fukumoto 2004; Verel et al. 2005) 

ə The use of near-infrared (NIR) fluorophores, 
which can be detected using epi-illumination 
(Neri et al. 1997; Birchler et al. 1999a), optical 
coherence tomography (Podoleanu 2005) or dif- 
fuse optical tomography (Ntziachristos et al. 
2000; Weissleder and Ntziachristos 2003) 

e The use of ligands for the targeted delivery of 
microbubbles, to be used as contrast agents for 
sonographic imaging applications (Joseph et al. 
2004; Weller et al. 2005) 

e The use of magnetic nanoparticles (Weissleder 
et al. 2005) 


The ability of radioactively or fluorescently la- 

beled antibodies to image tumors in vivo is by now 
well established. For macroscopic imaging applica- 
tions, NIR fluorescence imaging may be limited by 
the reduced light penetration of tissues (Wan et al. 
1981; Birchler et al. 1999a). However, fluorescently 
labeled antibodies may facilitate the microscopic 
imaging of superficial lesions (e.g, using endo- 
scopic methods: Pelegrin et al. 1991) and of trans- 
parent structures within the body (e.g., angiogen- 
esis-related ocular disorders; Birchler et al. 1999a; 
Matter et al. 2004). Furthermore, the use of NIR 
dyes may open novel angiographic imaging op- 
portunities for solid tumors and other conditions, 
such as atherosclerosis (Weissleder and Ntziachris- 
tos 2003; Matter et al. 2004). 
It is much more debatable whether antibody-modi- 
fied microbubbles and nanoparticles can efficiently 
extravasate and reach abluminal antigens in tu- 
mors and other diseases. Promising tumor imag- 
ing results with antibody—quantum dot conjugates 
suggest that even large particles can selectively ac- 
cumulate at the tumor site. This contrasts with 
experience of our group, suggesting that highly 
charged antibody derivatives (Halin et al. 2002a; 
Melkko et al. 2002; Niesner et al. 2002) and large 
antibody derivatives (Halin et al. 2003) may com- 
pletely abrogate the tumor-targeting ability of the 
parental antibody in vivo, while retaining unper- 
turbed antigen-binding properties. 
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Therapeutic Applications of 
Vascular Tumor Targeting 


The following discussion is limited to derivatives of 
tumor-targeting antibodies, a class of therapeutic 
agents for which a substantial amount of preclinical 
experimental data is now available. To a certain ex- 
tent, some of the considerations made in this section 
may be applicable for other classes of ligands (e.g., 
small globular proteins and peptides). 

Figure 28.2 illustrates some of the main classes of 
antibody-derivatives which have been considered 
for tumor-targeting applications. Some of these 
strategies (e.g, antibody—photosensitizer and anti- 
body-procoagulant conjugates) appear to be ideally 
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suited for vascular targeting applications, since they 
may lead to intravascular blood coagulation, caus- 
ing an avalanche of tumor cell death (Thorpe and 
Ran 2000; Fabbrini et al. 2005). 
Many of the antibody functionalization strategies 
depicted in Fig. 28.2 have been applied both to full 
immunoglobulin and to antibody fragments. In 
most cases, we prefer the use of recombinant an- 
tibody fragments because of easy expression, rapid 
blood clearance and lack of Fc (which avoids the 
undesired targeting of bioactive moieties to cells 
bearing Fc receptors). However, some therapeutic 
strategies, such as antibody-drug conjugates, may 
benefit from the long blood circulation times of an- 
tibodies in the IgG format. 

Antibody fragments have successfully been cou- 
pled to cytokines (Carnemolla et al. 2002; Halin et 
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Fig. 28.2. Antibody derivatives that could be considered either for tumor imaging or therapy 


al. 2002a, 2002b; Borsi et al. 2003; Ebbinghaus et 
al. 2005), chemokines (Li et al. 2003), fluorophores 
and photosensitizers (Birchler et al. 1999a, 1999b; 
Fabbrini et al. 2005), drugs (Damle 2004), pro-co- 
agulant factors (Thorpe and Ran 2000), enzymes for 
pro-drug activation (Bagshawe et al. 2004) radionu- 
clides (Brack et al. 2004) and liposomes (Marty and 
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Schwendener 2005), but also to more exotic func- 
tional moieties such as uranium-loaded ferritin for 
neutron capture therapy (Hainfeld 1992). 

Figure 28.3a shows the selective accumulation at 
the tumor site of the SIP-L19 antibody labeled with 
the infrared fluorophore Cy7. Figure 28.3b illustrates 
a striking therapeutic effect, observed in orthotopic 
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Fig. 28.3. a Selective accumulation of L19 in the tumor. Twenty-four-hour near-infrared image of a 129SvEv 
mouse subcutaneously grafted with F9 teratocarcinoma, i.v. injected with SIP (L19), labeled with the in- 
frared fluorophore Cy7, The tumor is indicated by an arrow. b The therapeutic efficacy of L19-IL2 in the 
orthotopic HuH7 mouse model for hepatocellular carcinoma. HuH7 tumors (tumor volume 70-100 mm? 
before treatment) were treated with two treatment cycles consisting of five consecutive daily i.v. bolus in- 
jections of L19-IL2 or Proleukine (free IL2; two dose levels for each drug) followed by two drug-free days. 
After the second treatment cycle, the animals were killed and tumor volumes were measured. Compared 
with the non-targeted IL2 (Proleukine), L19-IL2 showed superior efficacy 
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animal models of hepatocellular carcinoma, using 
the fusion protein L19-IL2. As mentioned above, the 
vascular targeting properties of the L19 antibody, 
specific to the EDB domain of fibronectin, can be 
used to dramatically improve the tumor accumu- 
lation of the pro-inflammatory cytokine IL2, thus 
enhancing the therapeutic index of this anti-cancer 
biopharmaceutical. 

Most of the studies performed with antibody de- 
rivatives suggest that the tumor-targeting properties 
of judiciously chosen antibodies can substantially 
potentiate the therapeutic action of the bioactive 
moiety chosen for antibody coupling. 


Concluding Remarks 


Vascular markers selectively expressed on tumor 
blood vessels are attractive for ligand-based vascu- 
lar targeting approaches due to their accessibility 
from the blood stream and to the therapeutic op- 
tions that they allow (e.g., induction of coagulation 
or recruitment of immune cells). 

Tumor-induced antigens can be located either on 
the endothelial cells (luminal) or in the perivascu- 
lar space. Luminal antigens are readily accessible 
for drugs circulating in the blood stream, but this 
advantage is counterbalanced by the generally low 
abundance of these molecules (Halin et al. 2002a). 
Therefore, abundant antigens, typically located 
in the extracellular matrix or on tumor cells, have 
proven to be a good choice for ligand-mediated tar- 
geting of solid tumors, However, the perivascular 
location and the elevated tumor interstitial pressure 
limit the absolute amount of antibody uptake in 
the tumor. In general, abundance as well as the re- 
stricted pattern of expression are important criteria 
for the selection of suitable target proteins. 

Some of the markers of angiogenesis considered 
for vascular targeting applications are not only 
found around tumor blood vessels. For example, 
the EDB domain of fibronectin is found in certain 
tumors only around vascular structures (e.g., glio- 


blastoma), while for other tumors and for metasta- 
ses a diffuse stromal staining is often observed. In 
spite of these considerations, some antibodies which 
exhibit a broad staining pattern in the solid tumor 
mass may preferentially target vascular structures 
in vivo because of the antigen barrier effect (Adams 
et al. 2001). 

As some of the vascular targeting antibody deriv- 
atives are now being investigated in clinical trials, 
we are anxiously waiting to learn more about their 
pharmaceutical potential and, in a broader context, 
about the potential and limitations associated with 
the use of tumor-targeting antibodies for improving 
the therapeutic index of bioactive agents. Some of 
the issues which will be clarified only in the clini- 
cal setting include the potential immunogenicity of 
antibody derivatives and, in the case of immunocy- 
tokines, the presence or absence of "sequestering" 
effects by cytokine receptors in circulating cells 
(Ebbinghaus et al. 2005). If, as we hope, vascular 
targeting antibodies prove to be efficacious for the 
therapy of certain types of cancer, they may find ap- 
plications also in therapeutic areas outside oncology 
and will certainly trigger new investigations into in- 
novative functionalization strategies which convert 
the preferential localization of an antibody at a site 
of disease into a therapeutic benefit for the patient. 
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Abstract 


Various quantitative imaging techniques arè 
now frequently used as biomarkers in the eval- 
uation of novel anti-angiogenic and vascular 
disrupting compounds in clinical trials. Posi- 
tron emission tomography (PET) techniques 
have been utilised in a small number of studies 
to evaluate changes in specific molecular path- 
ways following administration of angiogenesis 
inhibitors, and can also quantify changes in 
perfusion and vascular volume. However, 
technical considerations have, to date, limited 
the widespread application of PET. Dynamic 
contrast-enhanced imaging biomarkers have 
shown evidence of therapeutic effect, dose-de- 
pendent response and change in progression- 
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free survival in some trials. However, image 
acquisition and analysis methods in computed 
tomography and magnetic resonance tech- 
niques are complex and solely reflect changes 
in physiological processes, rather than mea- 
surement of therapeutic effects on specific mo- 
lecular pathways. In this regard, all imaging 
modalities require further development and 
validation before they can be accepted as sur- 
rogate endpoints. In this chapter we review the 
critical issues that influence data acquisition, 
image analysis and application of PET, MRI 
and CT imaging techniques in the assessment 
of angiogenesis targets and therapeutics. Fi- 
nally the current clinical trial findings and 
important areas for future development are 
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Introduction 


More than one third of the population of Europe 
and North America will develop cancer at some 
stage of their lives, and around one in four people 
will die from the disease (Office of National Sta- 
tistics 2005; Parkin et al. 2002; American Cancer 
Society 2005). Despite considerable improvements 
in cancer treatment over the past few decades, 
with advances in the conventional treatment op- 
tions of surgery, radiotherapy, cytotoxic chemo- 
therapy and hormonal therapy, survival rates for 
many common cancers remain poor (Department 
of Health 2004). Advances in molecular cell biol- 
ogy and genomics have produced an increasingly 
detailed understanding of the biological basis to 
malignant transformation, survival and progres- 
sion (Hanahan and Weinberg 2000), which has in 
turn provided various novel targets for oncology 
drug development (Kelloff et al. 2005). One major 
area of interest focuses on the process of angiogen- 
esis during malignancy, where tumours develop 
vascular networks of their own, enabling them to 
survive, grow (Carmeliet and Jain 2000) and me- 
tastasise (Fidler 2001). 

Tumour blood vessels are both structurally and 
functionally abnormal. They are typically dilated, 
tortuous and exhibit increased permeability. Local 
vascular networks have aberrant branching and 
shunts, so that blood flow is chaotic and lacks the 
tight physiologicalcontroldemonstratedin normal 
tissue (Carmeliet and Jain 2000; Folkman 1971). 
Therapeutics that selectively inhibit cell signalling 
pathways can disrupt the formation of new vessels 
(anti-angiogenesis) or destroy existing vessels (vas- 
cular disruption). Recent studies have supported 
this strategy and provided evidence that targeting 
tumour vasculature can improve clinical outcome 
in patients with advanced solid tumours (Hurwitz 
et al. 2004; Yang 2004; Johnson et al. 2004; Miller 
et al. 2005). 

New agents undergoing early clinical trial eval- 
uation require assessment of pharmacokinetic 
and pharmacodynamic (biological) endpoints to 


evaluate whether or not a drug should progress 
into phase II/III trials (Workman etal. 2006). Anti- 
angiogenic and vascular disrupting agents create 
several challenges for phase I/II trial design since 
they reduce tumour growth and/or prevent metas- 
tases through predominantly cytostatic mecha- 
nisms. Biopsy and bio-fluids remain important 
surrogate endpoints in trial evaluation, but there 
has been increasing interest in the use of non-inva- 
sive imaging as a means of extracting biomarkers 
of dose, drug schedule and efficacy (Collins 2003). 
Conventional imaging assessments of reduction 
in tumour size may not be adequate for assessing 
these agents in clinical studies. For these reasons, 
imaging strategies that extract more physiologi- 
cal measures of vasculature function are desirable 
(Jayson and Waterton 2005). This chapter reviews 
the current use of imaging methods in the evalua- 
tion of angiogenesis and its inhibition by conven- 
tional therapy and novel anti-cancer drugs in early 
phase clinical trials. 


Imaging 


29.2.1 
General Considerations 


Imaging techniques are attractive for assessing drug 
therapy within tumour vasculature since they are 
non- or minimally invasive and can be used to eval- 
uate large regions or the entire volume of a tumour 
repeatedly. However, spatial resolution is limited by 
the voxel size, which is in the order of 0.5 to 5mm 
for all imaging modalities, which makes valida- 
tion against histopathology difficult. It also means 
that most techniques, with the exception of some 
positron emission tomography (PET), are inherently 
geared towards evaluating biomarkers that represent 
a composite of physiological processes, rather than 
measuring histological markers of angiogenesis, 
such as microvascular density (MVD), or assays 
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of molecules such as soluble vascular endothelial 
growth factor (VEGF) or its receptor (VEGF-R) 
(Jayson and Waterton 2005). 

Modalities available for clinical evaluation of 
angiogenesis include PET, single photon emission 
computed tomography (SPECT), X-ray computed 
tomography (CT), magnetic resonance imaging 
(MRI) and spectroscopy (MRS), Doppler ultrasound 
and optical imaging (Miller et al. 2005). Each im- 
aging modality has strengths and weaknesses, so 
that no one technique is ideal in all circumstances 
(Table 29.1). While the molecular imaging afforded 


by PET is of particular interest, it has several prac- 
tical limitations. In contrast, dynamic MRI (which 
produces “less physiological” parameters) has been 
successfully applied to a larger number of clinical 
trials of anti-angiogenic and vascular disrupting 
agents. Further promising results have been demon- 
strated by dynamic CT, but other modalities remain 
largely a research interest (MRS, ultrasound, SPECT, 
optical imaging), with few successful applications 
in human studies to date. Therefore, this review 
focuses mainly on MRI, CT and PET methods and 
applications. 


Table 29.1. The strengths, weaknesses and current use of imaging modalities in the assessment of angiogenesis. CA, contrast 


agent (other abbreviations explained in text) 


Modality Contrast agent Voxel size Strengths Weaknesses Current use 
MRI Gadolinium 1-4mm No ionising Non-linear Most widely used 
radiation relationship of signal imaging tool 
Low CA toxicity intensity to [CA] hence Performed on routine 
Versatility in requires complex data scanner hardware 
sequences modelling Published guidelines on 
Can perform Complex physiologic use in cancer 
alongside anatomi- meaning of parameters Poor at imaging/thoracic 
cal imaging Susceptible to motion lesions 
Complex/specialist 
analysis 
PET 150-H,0 3-4mm Emission directly Radionuclide t,,, in Practical limitations 
150-CO proportional to minutes - require on-site 
18F-FDG [CA] Ionising radiation cyclotron 
1241. VEGF Direct measurement Poor spatial resolution Requires methodology 
of blood volume and signal-to-noise developments to increase 
Truly capable of ratio use in angiogenesis stud- 
molecular imaging ies 
CT lodinated 0.5-2mm Attenuation directly Ionising radiation Performed on routine 
agents proportional to CA toxicity scanner hardware 
[CA] Low sensitivity to lonising radiation limits 
Can perform contrast repeated imaging 
alongside anatomi- Dynamic imaging lim- 
cal imaging ited to small volumes 
Ultrasound Microbubble 0.5 mm Doppler shift used Not truly quantitative Not widely used to assess 


to assess flow 
Can assess perfu- 


sion with 


microbubble CA 


Cannot measure 
permeability 

Doppler ineffective in 
vessels of <100 pm 
Operator dependant 


angiogenesis 
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29.2.2 
Magnetic Resonance Imaging 


Dynamic contrast-enhanced MRI (DCE-MRI) pro- 
vides a non-invasive method of investigating the 
structure and function of tumour blood vessels by 
imaging low-molecular-weight paramagnetic con- 
trast agents as they traverse the tumour microvas- 
culature. Blood flow, vessel permeability and the 
volumes of both the vascular and extracellular ex- 
travascular compartments can be measured. The 
technique is safe, does not use ionising radiation, 
and can be performed using T,/T,’- or T,-weighted 
sequences on standard 1.5-tesla clinical systems. In 
these respects, it has several practical advantages over 
PET. DCE-MRI provides good spatial resolution with 
voxels in the range of 1-4 mm and may be combined 
with conventional anatomical imaging and other se- 
quences including 'H MRS, diffusion-weighted im- 
aging and blood oxygen level-dependent imaging. 
However, unlike PET, the parameters derived from 
DCE-MRI are relative to values for normal tissue, 
rather than absolute measurements. 


29.2.2.1 
T,*-weighted Image Acquisition: Brain Studies 


T, and T,” (susceptibility-mediated) techniques have 
been used to evaluate brain perfusion and microvas- 
cular structure (Aronen et al. 1994; Li et al. 2000), but 
their use in cancer imaging has been largely restricted 
to cerebral tumours due to technical limitations in 
peripheral tissues. The signal loss resulting from 
passage of the contrast agent bolus on T, -weighted 
images can be used to calculate the change in con- 
trast concentration occurring in each pixel, since the 
change in transverse relaxation rate R,’ is related to 
signal intensity. Thus, an estimate of the relative ce- 
rebral blood volume (rCBV) can be made: 


rCBV = Í AR, (dt 
10 


where t, is the time of first arrival of contrast agent 
and t, is the time at which the change in R, returns 


to baseline values (Jackson 2004). An approximate 
measure of the mean transit time (MTT) can be made 
from the width of the curve; for example, the full 
width at half maximum height (FWHM) and then the 
relative blood flow (rCBF) can then be calculated us- 
ing the central volume theorem: 


rCBF = SAA 
MTT 
Because of the initially high concentration of con- 
trast agent during the first pass, T, -weighted imaging 
is sensitive to flow and blood volume. The technique 
is not easily applied to thoracic, abdominal or pelvic 
tumours, which experience motion and permeability 
across the vasculature. In contrast, T,-weighted tech- 
niques have been extensively applied to tumours out- 
side the brain and form the basis for the remainder of 
this review. 


29.2.2.2 
T,-weighted Image Acquisition: 
the Importance of the Arterial input Function 


A series of equivalent images are acquired every few 
seconds in conventional T,-weighted DCE-MRI, over 
a period of around 6-10 min. Variations in protocols 
reflect the innate trade-offs between spatial resolu- 
tion, the volume of tumour covered, and temporal 
resolution for the acquisitions (typically every 1-5 s, 
but sometimes longer). Radiofrequency-spoiled fast 
field gradient echo sequences are preferred since 
these provide rapid data acquisition, good contrast 
medium sensitivity, high signal-to-noise ratio, and 
adequate temporal resolution. The dynamic series 
is typically preceded by survey and anatomical im- 
ages and sequences to allow calculation of baseline 
T, values prior to contrast administration (multiple 
flip angle, inversion recovery, or proton density- 
based techniques) which are used in the subsequent 
data analysis to transform measured signal changes 
into the changes in contrast agent concentration 
(Buckley and Parker 2005). 

A bolus of contrast agent enters the tumour vas- 
cular bed following rapid intravenous injection 
(usually through an automated injector pump). 
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Gadolinium ions are paramagnetic due to the 
presence of unpaired outer shell electrons. They 
therefore enhance the loss of energy through spin- 
spin relaxation, thus shortening the T, relaxation 
times of tissue protons in proximity with contrast 
agent, producing signal enhancement. The degree 
of signal enhancement measured from each voxel 
on T,-weighted imaging reflects both physiological 
and physical factors, including blood perfusion, the 
delivery of contrast agent per unit time, capillary 
surface area and permeability and the volume of the 
extracellular extravascular space (EES). The signal 
obtained is also affected by native tissue T,-relax- 
ation times, the dose of contrast agent, the precise 
imaging parameters and machine variables. 

The amount of gadolinium contrast agent that 
passes through normal tissue and tumour vessels 
depends on the injected dose and local perfusion. 
The concentration-time course of contrast agent 
entering the artery supplying the vascular bed is 
termed the arterial input function (AIF). Accurate 
characterisation of the early part of the AIF requires 
very high temporal resolution in the region of around 
1 s, which imposes severe limitations on the spatial 
resolution of the imaging sequence and the volume 
of tissue that can be encompassed in any given ac- 
quisition (Henderson et al. 1998). For this reason, 
many investigators either sample the AIF every 2-6 s 
(sufficiently reproducible for most studies), or use 
an idealised mathematical approximation (Wein- 
mann et al. 1984; Fritz-Hansen et al. 1996) that re- 
moves restrictions on temporal resolution (imposed 
by the need to sample the initial peak), slice position 
(imposed by the need to obtain the AIF from a major 
vessel) and sequence choice (imposed by the need to 
avoid flow artefacts in the AIF). 

The amount of intravascular contrast agent 
within each given voxel at any time will reflect the 
proportion of the voxel formed by perfused blood 
vessels. The rate and quantity of contrast agent leak 
into the EES reflect the difference in concentration 
between the blood plasma and the EES, the product 
of endothelial membrane permeability and surface 
area, and the size of the EES. T,-weighted DCE-MRI 
analysis aims to identify surrogate markers that 
represent one of, or combinations of, these indi- 


vidual biological features, and unlike T,’-weighted 
sequences, it is heavily dependent on contrast agent 
permeability as well as flow and blood volume 
(Jackson 2003). 


29.2.2.3 
Data Extraction and 
Semiquantitative T,-derived Parameters 


Calculation of microvascular parameters from 
DCE-MRI data is complex. Several distinct analysis 
methods have been used. Data can be evaluated by 
analysis of the signal intensity-time curve or the 
related gadolinium concentration-time curve (in 
both cases without fitting a model to the data). Com- 
ponents of the original signal intensity-time curve 
such as curve shape, gradient or time to maximum 
enhancement are simple qualitative descriptors that 
were used in early studies of tumour angiogenesis 
(Daniel et al. 1998; Dowlati et al. 2002). They are 
seldom used in current study design since they are 
prone to noise, less reproducible and experience 
considerable variation among scanner manufactur- 
ers and examination settings, thus making direct 
comparisons between patients and trials near im- 
possible (Parker and Buckley 2005). 

More robust analyses require conversion of signal 
enhancement into information concerning contrast 
agent concentration. The relationship between R, 
(1/T,) and the contrast agent concentration [C] is 
given by 


where 1/T, is the measured R, after contrast, 1/T,(0) is 
the baseline R, and a is a constant. Thus signal inten- 
sity data must be converted into R, in order to accu- 
rately produce the contrast agent concentration-time 
curve, unlike in dynamic CT, where a simple linear 
relationship between density and contrast concentra- 
tion holds true (Jackson 2003; Miles 1999). 

Some parameters describe the shape of the con- 
trast concentration-time curve without requiring 
modelling. Of these parameters, termed semiquan- 
titative, the most widely used is the initial area under 
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the gadolinium concentration-time curve (IAUGC), 
derived from the signal intensity-time curve, de- 
fined as 


IAUGC, = f[cal nan 


where [CA] (t) represents the concentration of con- 
trast agent measured in the tissue at time t’. IAUGC 
is a reasonably reliable and reproducible quantity, 
reflecting a combination of flow, blood volume, ves- 
sel permeability and EES volume, and is widely used 
as a surrogate biomarker in clinical studies (Evel- 
hoch 1999). 


29.2.2.4 
T, Methods Requiring Pharmacokinetic Modelling 


Pharmacokinetic modelling techniques of varying 
complexity enable estimates of physiological char- 
acteristics such as flow and capillary endothelial 
permeability to be calculated. Measured data (the 
tumour concentration-time curve and an AIF) is 
‘fitted’ to mathematical equations from which pa- 
rameters that reflect microvascular function are de- 
rived (Parker et al. 2005). The parameters produced 
are, in theory, independent of acquisition protocol 
and should only reflect tissue characteristics, en- 
abling their use in multicentre studies employing 
varying image acquisition protocols and equipment. 
The choice of analysis technique is crucial, since 
it will determine not only the range of parameters 
available, but also their precise meaning. In all cases, 
there is an inherent trade-off between extracting 
relatively simple parameters with poor specificity 
versus physiologically congruent but less statisti- 
cally stable parameters. Despite their wide use, there 
is little evidence that any of the various techniques 
employed accurately estimate absolute values of pro- 
cesses such as perfusion, permeability and blood 
volume (Buckley 2002). Commonly used standard 
terms are listed in Table 29.2. 

The simple Tofts and Kermode model describes 
the concentration of contrast agent within each 
voxel, thus allowing calculation of the size of the 
EES (v,), and the bulk transfer coefficient (K'™"): 


dC, (r) 


v SA = Ke 6, ()-6,(0] 


where C, (t) is the concentration of agent in v,, Cp is 
the concentration of agent in the plasma volume (vp) 
and K'a" is the volume transfer constant between 
Vp and v, (Tofts and Kermode 1991). Other similar 
models have been derived from the same general 
kinetic model, but vary in their terminology and in 
some details (Brix et al. 1991; Larsson et al. 1990), 
Crucially, changes in blood flow (F), blood volume, 
endothelial permeability and endothelial surface 
area can all produce changes in measurements of 
K'e”, and the specific contribution of each of these 
components cannot be separated. Thus when con- 
trast agent delivery is ample (F>>PS), K" repre- 
sents the permeability surface area product per unit 
volume of tissue, for transendothelial transport 
between plasma and EES (K**"s~PS). This assump- 
tion is not true in cases when the delivery of contrast 
agent is compromised (PS>>F). Here, K'T*"* repre- 
sents the blood plasma flow per unit volume of tis- 
sue [K'™@"S~F(1-haematocrit)] (Tofts et al. 1999), In 
practice, the situation is seldom entirely one or the 
other, and the contribution of each scenario varies 
in time and space throughout the tumour. 

This illustrates one of the most important limita- 
tions of DCE-MRI - an inability to produce a true 
quantitative measure of vascular parameters. De- 
spite this caveat, these basic pharmacokinetic mod- 
els are commonly used in clinical trials, leading to 
the recommendation that volume transfer constant 
(K'™="5) and the fractional volume of extravascular 
extracellular space per unit volume of tissue (EES 
or v,), should be a standard outcome measures in 
drugs trials, along with IAUGC (Leach et al. 2005) 
(see Fig. 29.1). 

An extension of the Tofts and Kermode model 
(Tofts 1997) allows calculation of v, in addition to 
Yo and K'™"s, 


C (av, (+k oo llc (je je 


Yo 


where v, is the plasma volume, but once again, flow 
and permeability are inextricably combined within 
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Table 29.2. List of abbreviations and standard terms used in DCE-MRI pharmacokinetic analyses (adapted from Tofts et al. 


1999) 

Symbol Short name Unit End point Notes 

Ktrans Volume transfer constant between EES and plasma min`! Primary 

kep Rate constant between EES and plasma min’! Secondary 

K; Uni-directional influx constant min! - Larsson model 
measure of PS 

Cp Tracer concentration in arterial blood plasma mM - 

C(t) Concentration of contrast agent at time t in each voxel mM - 

TV Tumour volume ml - Should measure 

VV Vascularised volume ml - Should calculate 

Ve Volume of EES per unit volume tissue None Secondary Value 0 <v, <1 

Yp Blood plasma volume ml Secondary 

E Initial extraction ratio - - 

F Flow ml gm? min! - 

P Total capillary wall permeability cm min! - 

PS Permeability-surface area product per unit mass of tissue ml min”! - 

EES Extracellular extravascular space None - 

IAUGC Initial area under gadolinium concentration - time curve mM Gd min Primary 


the model itself. A more complex model described 
by St. Lawrence and Lee allows direct estimation of 
local tissue blood flow, EES, v, and K'™"S (St. Law- 
rence and Lee 1998): 


P 


C, (r)= F fe, (t-r')di'+ EF ĵe, (r a d 


and quantifies the extraction fraction (E), low and 
mean capillary transit time (t), so that K'S ef- 
fectively represents the permeability-surface area 
product. However, this model is far from easy to 
apply and is associated with significantly increased 
noise and measurement variation, despite requiring 
more accurate and reliable curve fitting and much 
higher temporal resolution data (Parker and Buck- 
ley 2005). Consequently its use in clinical studies 
has been limited. In none of these pharmacokinetic 
models does K'*" purely equate to capillary endo- 


thelial permeability, as often assumed. Instead, the 
exact meaning of each parameter depends on the 
pharmacokinetic model employed. 


29.2.2.5 
Practical Considerations 


Despite uncertainties over the precise physiologic 
meaning of its parameters, DCE-MRI has been 
used more widely than any other functional imag- 
ing technique in the investigation of conventional 
(Mayr et al. 1996; Lankester et al. 2005; Padhaniet al. 
2006) and novel anti-angiogenic (Jayson et al. 2002, 
2005; Eder et al. 2002; Morgan et al. 2003; Thomas 
et al. 2003; Medved et al. 2004; Xiong et al. 2004; 
Conrad et al. 2004; O’Donnell et al. 2005; Thomas 
et al. 2005; Mross et al. 2005a,b; Liu et al. 2005; 
O’Dwyer et la. 2005; Drevs et al. 2005; Watson et al. 
2006; Wedam et al. 2006; Padhani et al. 2006) and 
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Fig. 29.1a~c. DCE-MRI map of K**** in a hepatic metastasis (yellow arrow) in the left lobe of the liver, a before and b 48h 
after treatment with the humanized anti-angiogenic vascular endothelial growth tactor antibody HuM V833 (1 mg/kg). Green 
and blue areas represent high and low vascular permeability, respectively, Red and yellow pixels represent high (artefact) 
measurements in the hepatic vein. c The K= of representative tumours shown for all patients before treatment, 2 days after 
first treatment, and 35 days after the first treatment was initiated. Data expressed as the mean percentage change relative 
to the value before treatment for each different treatment dose level, with 95% confidence intervals. Each dose level is rep- 
resented by a different symbol: diamonds, 0.3 mg/kg; squares, 1 mg/kg; triangles, 3 mg/kg; crosses, 10 mg/kg. (Reproduced 


from Jayson et al. 2002) 


vascular disrupting (Dowlati et al. 2002; Galbraith 
et al, 2002a, 2003; Stevenson et al. 2003; Evelhoch 
et al. 2004; McKeage et al. 2006) therapies. Con- 
sensus guidelines for use of DCE-MRI in trials of 
angiogenesis inhibitors have been published (Leach 
et al. 2005), although to date, considerable variation 
is seen in image acquisition and analysis. Single-site 
DCE-MRI studies require considerable technical ex- 
pertise, with specialist image acquisition protocols 
and image analysis tailored towards each trial. The 
AIF and region of interest (ROL) for analysis must be 
defined and data quality checks performed, neces- 
sitating collaboration between basic science, oncol- 
ogy, radiology, and technical experts. Multicentre 
trials not only require all of the above, but also need 
uniform image acquisition and analysis, favouring 
reproducible machine-independent protocols and 
modelling. A recent trial of the tyrosine kinase 
inhibitor AG-013736 (Pfizer, New York, NY, USA) 
(Liu et al. 2005) successfully recruited from three 
centres, demonstrating that multicentre DCE-MRI 
acquisition is feasible. 

Most trials performed to date have used cohorts 
of 8-35 patients with mixed tumour histology, 


size and site. The marked variation in tumour size 
(Evelhoch et al. 2004), anatomy and pathophysiol- 
ogy creates significant difficulties for image analy- 
sis. In practice, lesions need to be large enough to 
avoid partial volume artefacts (typically at least 2- 
3cm in minimum diameter) and free from signifi- 
cant motion artefact (thus excluding lung nodules 
from evaluation). Lesion variation may also mask 
subtle drug effects and has prompted discussion as 
to whether stricter selection criteria should be used 
for patient inclusion (Thomas et al. 2005; O’Dwyer 
et al. 2005), or whether intra-patient dose escalation 
designs should be employed so that each subject can 
act as their own control (Jayson et al. 2002). Some 
compounds have moved into phase IJ evaluation in 
specific clinical situations, for example, to deter- 
mine optimum dose and schedule for primary or 
metastatic disease in combination or single-agent 
therapy (Wedam et al. 2006), before translation into 
multicentre prospective randomised phase II clini- 
cal trials. 

In DCE-MRI, the degree of change from baseline 
values within individual patients is more meaningful 
than absolute values. Consequently, baseline scans 
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must be performed routinely (Leach et al. 2005). The 
likely timing and duration of drug effect should in- 
fluence image acquisition and potential scheduling. 
Antivascular effects typically occur within a few 
hours after drug administration, but are lost within 
24 h, thus providing a rationale for imaging at base- 
line, 4-6 h and 24 h, in contrast to protocols for anti- 
angiogenic agents, whose effects occur within days 
to weeks and may persist for weeks to months. A 
second baseline scan may be performed to establish 
intra-patient reproducibility and is recommended 
as standard practice in phase I/II trials of anti- 
angiogenic agents where imaging is used (Leach 
et al. 2005; Jayson et al. 2005; Padhani et al. 2006; 
Galbraith et al. 2003). The particular choice of analy- 
sis parameter is important. The lack of physiological 
specificity of the parameters K‘'*"S and IAUGC has 
some advantage for early-phase trial analysis: since 
they reflect composites of flow and permeability, 
they have the potential to detect changes induced by 
a wide variety of signalling mechanisms. They may 
be less useful in detecting specific mechanisms of 
drug action in phase III trials. 

ROI definition should be performed on subtrac- 
tion or non-contrast images. It can be manual or 
automated and may be drawn from 2D slices or 3D 
(volume of interest) datasets. Several different strat- 
egies for evaluating a ROI have been employed by in- 
vestigators when evaluating angiogenesis inhibitors. 
The ROI can encompass part or all of the tumour 
cross-sectional area or volume, from which a single 
average enhancement curve is extracted and then 
evaluated to produce values of parameters of inter- 
est (such as IAUGC or K"ans), before the same param- 
eters are compared following therapy (Dowlati et al. 
2002; Morgan et al. 2003; Thomas et al. 2005; Mross 
et al. 2005a; Liu et al. 2005). Alternatively, summary 
statistics such as the mean and standard deviation, 
or median and interquartile range, may be derived 
from individual voxels within the ROI (Jayson et 
al. 2002, 2005; Galbraith et al. 2003; Evelhoch et al. 
2004). Both methods are commonplace, relatively 
simple and allow readers to compare two numbers. 
Unfortunately, the assumption that such figures of- 
fer a meaningful summary of measured values and/ 
or modelled quantities within each voxel is incor- 


rect, since most malignant tumours demonstrate 
heterogeneous enhancement due to spatial varia- 
tion in growth factor expression and signalling, and 
macroscopically in areas of fibrosis, hypoxia and 
necrosis (Jackson 2003). Simple data analysis that 
quotes mean or median values of IAUGC or K'e» 
across the entire tumour ROI oversimplifies biologi- 
cal realities such as the rim-core action differential 
of antivascular agents (Walker-Samuel et al. 2006). 
More subtle pixel-based analysis with histograms 
have been applied to animal models (Checkley 
et al. 2003) and in an increasing number of human 
studies (Watson et al. 2006; Hayes et al. 2002). Fu- 
ture application of more complex mathematical 
tools may increase the application of DCE-MRI in 
the rational assessment of anti-angiogenic and anti- 
vascular compounds within clinical trials. 


29.2.2.6 
Clinical Findings 


A full and comprehensive discussion of the clini- 
cal application of DCE-MRI to both conventional 
therapies and to trials of anti-angiogenic and anti- 
vascular agents is beyond the scope of this review, 
but is considered elsewhere (O’Connor et al. 2007). 
Both T, and T,’ DCE-MRI sequences have been suc- 
cessfully applied in the differentiation of benign and 
malignant pathology (Kvistad et al. 1999), non-in- 
vasive tumour grading (Aronen et al. 1994), staging 
cancer (Barentsz et al. 1996), guiding stereotactic 
biopsy (Knopp et al. 1999), monitoring response to 
treatment (Mayr et al. 1996; Padhani et al. 2006; 
Hayes et al. 2002) and identifying early tumour re- 
lapse (Gilles et al. 1993). In practice, few indica- 
tions for DCE-MRI have permeated routine practice, 
although some centres use T,” sequences to assist 
diagnosis and biopsy of some brain tumours. 
DCE-MRI biomarkers can provide effective and 
informative evaluation of novel vascular therapies. 
Three related studies of the multiple receptor tyro- 
sine kinase inhibitor vatalanib (PTK787/ZK222584; 
Novartis, Basel, Switzerland) have shown reduction 
in K; (a parameter similar to K**"’) of 240% (con- 
sidered significant) from baseline to day 2. The re- 
duction was dose-dependent, with greatest response 
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with doses of 1000 mg a day. In addition, responders 
were distinguished from non-responders; patients 
whose K; fell below 50% had stable or better disease. 
Thus K; was considered a useful marker of drug ac- 
tivity capable of suggesting biologically active doses 
and predicting clinical response (Morgan et al. 2003; 
Thomas et al. 2005; Mross et al. 2005a). However, 
two randomised, double blind phase III trials as- 
sessed patients with metastatic colorectal carcinoma 
receiving oral PTK/ZK (1250 mg qds) or placebo 
along with oxaloplatin/5-fluorouracil/leucovorin 
(FOLFOX4) as first-line (CONFIRM-1) (Hecht et al. 
2005) or second-line (CONFIRM-2) therapy (Koehne 
et al. 2006). Both failed to demonstrate significant 
changes in progression-free survival, overall sur- 
vival or response rates. Thus, it may be that DCE- 
MRI parameter changes are necessary but not suf- 
ficient biomarkers of drug efficacy. 

Recently, a significant correlation of reduction 
in median K‘™*"* with response rate (p<0.004) and 
progression-free survival (p<0.001) was reported 
in a trial of the tyrosine kinase inhibitor, sorafenib 
(BAY43-9006; Bayer, Leverkusen, Germany) 
(O'Dwyer et al. 2005). Finally, encouraging results 
have also been shown in a phase II of the monoclo- 
nal antibody bevacizumab (Avastin; Genetech, San 
Francisco, CA, USA) in combination chemotherapy 
with doxorubicin and docetaxel. Significant reduc- 
tion of 34% in K'™" was demonstrated after cycle 
1 (21 days) (p=0.003) and maintained by the end of 
cycle 7 (Wedam et al. 2006) (p=0.0001). Thus, the 
data derived from a significant number of trials with 
VEGF inhibitors using DCE-MRI have shown that 
there is an association between dose and reduction 
in the particular DCE-MRI vascular parameter. Sec- 
ondly, other results have shown a relationship be- 
tween the changes in DCE-MRI and clinical benefit, 
and these were associated with molecular changes 
(Jayson et al. 2002) that were consistent with the in- 
hibition of VEGF. 

DCE-MRI has also been used to evaluate other 
anti-angiogenic modes of action. For instance, when 
a specific anti-PDGF antibody was administered to 
patients, a rapid increase in the vascularised frac- 
tion in the tumour was found. As PDGF regulates 
tumour interstitial pressure, this observation was 


consistent with the mode of action of the drug: a re- 
duction in interstitial pressure would allow vessels 
that were closed by the pressure to become patent 
again (Jayson et al. 2005). 


29.2.3 
Computed Tomography 


X-ray computed tomography is more widely applied 
to both clinical investigation and research studies of 
cancer than any other imaging modality. It forms the 
basis of follow-up assessment of tumour response by 
imaging criteria, including the World Health Or- 
ganisation (WHO) and Response Evaluation Crite- 
ria in Solid Tumours (RECIST) recommendations 
(Therasse et al. 2000), where relapse, stability or 
response are evaluated by simple one- and/or two- 
dimensional measurements. Dynamic CT sequences 
can easily be added to conventional anatomical se- 
quences or response evaluation scans, and for this 
reason, dynamic CT is in one sense an attractive op- 
tion for imaging angiogenesis. Change in density on 
CT imaging is linearly related to the concentration 
of contrast agent. Hence estimates of blood volume 
are absolute, and parameters that represent perfu- 
sion can be extracted without recourse to complex 
pharmacokinetic modelling algorithms. 


29.2.3.1 
CT Image Acquisition and Data Analysis 


Dynamic contrast-enhanced CT (DCE-CT) images 
can be acquired on conventional multidetector com- 
mercial scanners (Miles and Griffiths 2003). Follow- 
ing non-contrast baseline images, an intravenous 
injection of iodinated contrast medium is adminis- 
tered, which acts as an effective absorber of energy via 
the photoelectric effect, thus significantly increasing 
attenuation of the X-ray beam. A dynamic series is 
then acquired over a period of around 10 min, from 
which an attenuation-time course curve is derived. 
This curve can be converted into a concentration- 
time curve by a relatively simple process, since the 
relationship between attenuation and contrast agent 
concentration is effectively linear. The function of 
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contrast agent concentration can then be analysed to 
derive two main types of parameter. Data from the 
first 45-60 s of the series, when the contrast agent is 
predominantly intravascular, reflect perfusion. Data 
collected after this point (usually 2-10 min after 
injection) reflect contrast agent leakage and can be 
taken to reflect vessel permeability. 

As with DCE-MRI, protocol variations reflect 
trade-offs between image quality, practicalities, and, 
in the case of DCE-CT, radiation dose. Increasing the 
tube current produces more photons (better signal-to- 
noise ratio), but increases dose. Increasing the num- 
ber of images acquired per unit time results in better 
data (more sampling points in the attenuation-time 
curve) at the expense of increased dose and limited 
volume coverage, since high temporal resolution lim- 
its the time available for table movement, restricting 
the volume covered to the detector width (approxi- 
mately 2cm on current multidetector CT systems). 
In practice, this limits fast imaging to one anatomi- 
cal site. Two adjacent 10-mm slices or four adjacent 
5-mm slices are commonly acquired. Thinner slices 
produce unacceptable image noise. Greater volume 
coverage can be achieved by spiral acquisitions at 
the expense of reducing image frequency from every 
l-2s to approximately every 15-30 s, and limiting 
the subsequent options for data analysis. Respiratory 
motion is a source of artefact and limits data quality, 
and is counteracted by breath holding for short ac- 
quisitions or quiet breathing during longer sequences 
(Miles 2003). 

Perfusion data can be achieved through a variety 
of relatively simple data processing steps. Semiquan- 
titative measures such as peak enhancement suffer 
from the same uncertainties of meaning and varia- 
tion between examinations seen in DCE-MRI, but 
can be easily adapted to a more ‘physiological’ pa- 
rameter, the standardised perfusion value (SPV) from 
the dose of contrast agent and patient weight (Miles 
et al. 2001). Analogous to the standardised uptake 
value used in PET, the SPV is a ratio of tumour per- 
fusion to mean whole body perfusion and has been 
shown to reduce interobserver measurement error. 
Variations on this theme exist, and are available in 
most commercial scanner software packages. Mea- 
sures of permeability are less straightforward, and in 


practice are performed infrequently. A full account of 
these methods is beyond the scope of this review, but 
they are discussed elsewhere (Miles 1999). 


29.2.3.2 
Practical Considerations and Clinical Findings 


Several studies have shown promising applications 
for DCE-CT. It is superior at demonstrating pul- 
monary lesions (Yamashita et al. 1995), is capable 
of demonstrating occult metastases that are unde- 
tectable on conventional qualitative CT assessment 
(Platt et al. 1997; Blomley et al. 1995; van Beers et 
al. 2001) and can predict and stratify tumour stage 
and grade and response to cytotoxic chemotherapy 
(Dugdale et al. 1999) and radiotherapy (Harvey 
et al. 2001). However, DCE-CT suffers from two main 
limitations. Volume coverage is limited compared to 
DCE-MRI, and the significant dose of ionising radia- 
tion makes serial scanning protocols less desirable. 
Consequently, DCE-CT has only been applied to a 
limited number of studies investigating angiogen- 
esis inhibitors (Thomas et al. 2003; Xiong et al. 2004; 
Willett et al. 2004; McNeel et al. 2005). Three of these 
studies failed to demonstrate any significant clini- 
cal findings. However, Willett and colleagues used 
dynamic CT to provide direct evidence of the anti- 
angiogenic actions of bevacizumab in rectal cancer, 
in a study of major significance. Here, MVD inter- 
stitial fluid pressure (IFP), circulating biomarkers, 
FDG-PET and dynamic CT were all used to assess 
the effect of a single infusion of bevacizumab. Sig- 
nificant reductions in perfusion by 40-44% (p<0.05) 
and blood volume by 16-39% (p<0.05) were measured 
by dynamic CT at 12 days, and were accompanied 
by significant reductions in MVD and IFP (Willett 
et al. 2004). 


29.2.4 
Positron Emission Tomography 


PET is a sensitive and quantitative nuclear medicine 
technique that detects differences in tissue func- 
tion and metabolism. The main advantage of PET 
is its functional sensitivity and specificity and its 
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ability to characterise molecular pathways as well as 
providing truly quantitative and absolute measure- 
ments of physiological processes such as tumour re- 
gional blood flow. To this end, it has two major ben- 
efits over the MRI and CT methods described above. 
It is therefore an important tool for the non-invasive 
assessment of tumour angiogenesis. However, unlike 
MRI methods, PET imaging produces ionising radia- 
tion, and the short-lived nature of isotopes such as 
15O introduces further complexity with radio-tracer 
preparation and administration. 


29.2.4.1 
PET Image Acquisition 


PET imaging requires the administration ofa labelled 
compound consisting of both radio-tracer and bio- 
logically active elements. After injection or inhalation 
of a radio-labelled tracer, the radio-isotope decays 
and emits a positron (positively charged electron) 
that travels a distance of around a millimetre within 
tissue before colliding with a negatively charged elec- 
tron. The interaction produced results in annihila- 
tion of both particles and the production of two 511- 
keV photons at approximately 180° separation. These 
gamma-ray photons can be detected within a short 
time frame, typically around 20ns, by an array of 
photoelectric crystals within a dedicated PET scanner 
detector. Raw data are then processed by computer 
reconstruction algorithms to map the spatial and 
temporal distribution of photon production and thus 
positron emission. The dual emission of PET confers 
an improvement on the spatial resolution offered by 
conventional nuclear medicine techniques, typically 
3-8 mm, but current anatomical resolution is still 
considerably poorer than in clinical and functional 
CT and MRI techniques (Tarantola et al. 2003). De- 
velopments in PET-CT fusion may improve anatomi- 
cal resolution and reduce scan time by removing the 
need for PET attenuation-correction sequences. 


29.2.4.2 
Data Acquisition and Extraction of Parameters 


In contrast with DCE-MRI, where models of varying 
complexity can generate fewer or greater numbers of 


similar parameters, PET techniques tend to each pro- 
duce a variation in one parameter, and can be com- 
bined into a single protocol for each patient visit. As 
with dynamic MRI and CT techniques, biomarkers 
of vascular function can represent the net result of 
several molecular pathways, rather than the activity 
or inhibition of a particular molecule, such as vascu- 
lar endothelial growth factor (VEGF) or its receptor, 
VEGF-R. Several tracers have been used to investigate 
microvascular function. While the tracer *F-fluoro- 
deoxyglucose (FDG) is employed for nearly all clinical 
PET studies in tumour detection, it is less useful in 
assessing the tumour vasculature. One potential con- 
founding factor is that while an anti-angiogenic agent 
might reduce metabolism and therefore reduce FDG 
uptake, the consequent hypoxia can cause up-regula- 
tion of glucose transport and therefore an increase 
in FDG uptake, leading to an ambiguous imaging 
result. 

Most PET studies of tumour perfusion use O- 
labelled water. This requires the direct piping of gas to 
the scanner since !°O has a half-life of just 123 s. Fol- 
lowing intravenous injection of a bolus of '°O-H,0, 
PET data are acquired for approximately 10 min along 
with a peripherally acquired AIF. The change of tissue 
concentration over time can then be modelled as 


dC, (t) AGS 


ts =P. 
dt 

where C,(t) is the tissue concentration of !°O-water at 
time t, C,(t) is the arterial concentration of !°O-water 
at time t, both in units of Bq per ml of tissue, P is per- 
fusion (millilitres of blood per minute per millilitre 
of tissue), VD is the ‘volume of distribution’ or pro- 
portion of region of interest containing radio-labelled 
isotope and À is the radioactive decay constant for °O. 
By applying a convolution technique to this model, so- 
lutions for perfusion (P) and Vp can be found (Ander- 
son and Price 2002). This technique is independent of 
equipment and hardware and is considered the most 
accurate method for measuring regional perfusion 
(Alpert et al. 1984) (see Fig. 29.2). 

Tumour vascular volume can be imaged by inhal- 
ing a fixed (safe) dose of !5O-labelled carbon monox- 
ide through a face mask followed by 1-2 min of room 
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or medical air to allow the labelled carbon monoxide 
to irreversibly bind to haemoglobin, forming C!°O-Hb 
(carboxyhaemoglobin). While labelled water is able to 
freely diffuse between compartments, C!°O-Hb re- 
mains entirely within the vasculature and is therefore 
an accurate measure of true vascular volume. PET and 
arterial C!°O-Hb data are sampled simultaneously 
over a period of around 10 min, and the tissue vascu- 
lar volume can be calculated by 


Aa 
R- |C 


a 


v 


where V, and V, are the vascular and tissue volumes 
respectively (measured in ml) and R is the ratio of 
small-vessel to large-vessel haematocrit (assumed to 
be 1) (Laking and Price 2003; Wilson et al. 1992). 

An alternative strategy is to use PET to image 
changes within specific molecular pathways, for ex- 
ample the activity of VEGF. Although they are in 
early stages of development, these strategies present a 
promising area for imaging angiogenesis. The binding 
and distribution of the anti-VEGF antibody HuM V833 
has been successfully imaged within a phase I trial 


CT slice 


(Jayson et al. 2002). Animal models suggest that other 
molecules involved in signalling pathways that medi- 
ate angiogenesis, such as œ, ß;-integrin, can be suc- 
cessfully quantified and imaged with PET isotopes 
(Chen et al. 2004). 


29.2.4.3 
Practical Considerations 


PET has several advantages over other techniques for 
imaging angiogenesis as outlined above. However, 
practical considerations have limited its use in clini- 
cal trials of conventional and novel therapeutic agents. 
To date, seven trials of anti-angiogenic and vascular 
disrupting agents have incorporated PET into their 
studies (Jayson et al. 2002; Kurdziel et al. 2000; Herbst 
et al. 2002; Anderson et al. 2003a, 2003b; Logan et al. 
2002; Lara et al. 2003). The technique is expensive, 
time consuming and requires careful collaboration 
between radio-pharmacists, nuclear medicine radiog- 
raphers, basic scientists and clinicians. Few centres 
possess the necessary cyclotron and delivery systems 
that are capable of processing such short-lived iso- 
topes, restricting use of '°O-based PET imaging. The 


PET plane 


Fig. 29.2. Axial CT scan through the mid-abdomen (left) and corresponding image from a summed PET '°0-labelled H,O 
study (right). Areas of increased brightness on the PET scan represent increased perfusion (the whiter the area, the higher 
the perfusion). The large right renal mass seen on the CT image represents a primary renal cell carcinoma. This is seen on 
the PET image as a bright area with a black centre representing a necrotic core. Vascular structures centrally, such as the 
aorta, are also bright. (Reproduced from Anderson et al. 2003a) 
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dose from an examination varies subject to local pro- 
tocols, but is significant and typically in the region 
of 8-10 mSv. 

In contrast to MRI dynamic series, where a vari- 
ety of parameters may be derived from the same ac- 
quisition, different PFT tracers produce different pa- 
rameters. More thorough acquisition protocols may 
consequently take considerably longer to perform, 
and patient visits can be demanding. Depending on 
the local procedure and the particular study proto- 
col, the entire preparation and image acquisition may 
take anywhere between 1h and 3h in total, as dem- 
onstrated in the effective but lengthy protocol used by 
Anderson and colleagues in a phase-I trial of CA-4- 
P (Anderson et al. 2003b). PET can detect changes as 
small as a few millimetres, but, as with MRI, practi- 
cal imaging is restricted to a ROI for lesions of at least 
2 cm to avoid partial volume effect. 


29.2.4.4 
Clinical Findings 


The feasibility of PET as a means of measuring angio- 
genesis inhibition has been demonstrated in a study 
of CA-4-P. Images acquired 30 min after drug admin- 
istration showed a 30-50% reduction in flow from 
baseline values (!°O-water; p=0.001) and a 15% reduc- 
tion in tumour vascular volume ('°O-CO; p=0.007). 
Vascular recovery was seen at 24 h, although residual 
significant changes in perfusion (p=0.13) remained 
(Anderson et al. 2003b). A study of thalidomide in 
prostate metastases has shown some evidence of cor- 
relation of blood volume and metabolism (measured 
by FDG-PET) (Kurdziel et al. 2000). Other studies have 
shown less encouraging results, but further demon- 
strate the possibility of incorporating PET regimens 
into clinical trials. 


Future Directions and Conclusions 


At present only a small minority of early-phase clini- 
cal trials employ any of the methods reviewed as 


endpoints (Workman et al. 2006). This reflects both 
lack of appreciation of the benefits of imaging and 
an awareness of the cost (in both time and money) 
and complexity of many of the procedures, which 
frequently limit techniques to specialist research 
centres. However, functional imaging techniques 
undoubtedly provide useful information in studies 
of tumour angiogenesis. Careful attention must be 
paid to the methodology employed in each study, 
since the particular choice of data acquisition and 
analysis can radically alter not only the value, but 
also the precise meaning of the parameter mea- 
sured. 

Further work is required to validate the use of 
DCE-MRI, dynamic CT and PET biomarkers as 
surrogates for clinical endpoints, although some 
encouraging studies report correlation of imaging 
biomarkers with some clinical endpoints, histologi- 
cal markers (e. g. MVD) and assays of growth fac- 
tor expression (Miller et al. 2005). It is also essential 
that measurements are not only sensitive and spe- 
cific, but are repeatable, in order to calculate nec- 
essary sample sizes for trials. Imaging parameters 
are prone to biological variation, random error and 
systemic error, all of which can cause day-to-day 
variation in measured values. 

It is important to appreciate that the parameters 
described vary in their degree of reproducibility. 
For example, the amount of change needed for sig- 
nificance for K'*"* and v, on T|-weighted DCE-MRI 
within a cohort of 16 patients has been reported as 
-14% to +16% and +1.9 ml/ml (6%) respectively for 
pixel-based analysis. Whole-tumour ROI analysis 
had the same value for v, but a slightly wider interval 
of -16% to +19% for K"*"s, However, trials of anti- 
angiogenic and vascular disrupting compounds 
tend to analyse patient data individually rather than 
in moderately sized cohorts; thus, equivalent figures 
for single-patient reproducibility are more relevant, 
reported here as -45 to +83% for K'S and +7.6 ml/ 
ml (24%) for ve (Galbraith et al. 2002b). Less varia- 
tion has been reported in brain lesions, using T,’ se- 
quences, which are subject to different physical and 
physiological variation (Jackson et al. 2003). 

The current challenge is to accurately select ap- 
propriate imaging techniques that are capable of 
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addressing specific questions in both early- and 
later-phase clinical trials. This requires accurate, 
robust and repeatable protocols (involving one or 
more modalities) that enable us to identify positive 
drug effects and provide confidence that a negative 
result (not demonstrating a positive drug effect) is 
truly negative. Further validation with other sur- 
rogate and clinical outcome measures is required. 
Once this is achieved, PET, dynamic MRI, dynamic 
CT and other functional imaging modalities may 
become more widely used to investigate angiogen- 
esis in oncology. 
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Abstract 


Due to the exquisite importance of angiogen- 
esis for tumor development and cure, imag- 
ing methods that elucidate morphological, 
functional and molecular characteristics of 
tumor angiogenesis are evident. This chapter 
gives an overview on current applications of 
MRI, CT, ultrasound and nuclear medicine 
techniques to image neovasculature. This 
includes functional methods to assess sur- 
rogate markers such as relative blood volume, 
perfusion and vessel permeability. While 
these methods principally have shown po- 
tential to predict early therapy response of 
antiangiogenic tumor therapies, some pos- 
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sible pitfalls in data interpretation also have 
to be addressed. Also innovative strategies to 
depict tumor vessel anatomy using MRI and 
CT are discussed. In this context, in vivo MRI 
and experimental CT techniques have the po- 
tential to resolve tumor vessels less than 100- 
200 pm in diameter. Ultrasmall vessels of less 
than 50 pm, however, have been visualized 
almost exclusively on images of excised tissue 
specimens, which were recorded by micro-CT 
taking into account high X-ray doses and long 
scan times. In the last part of the chapter the 
use of targeted imaging compounds to non- 
invasively assess the expression of molecular 
angiogenesis markers by endothelial cells is 
introduced. 
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Impact of Non-invasive Imaging 


Antiangiogenic tumor therapy has recently entered 
clinical evaluation, and some of these treatment strat- 
egies have already proven to efficiently inhibit tumor 
progression. However, to increase efficacy of treat- 
ment individualized therapy regimens are required 
which provide a close and efficient observation of 
the patient with non-invasive imaging methods. This 
gives the observer the opportunity to assess therapy 
response early or react fast if another therapy is re- 
quired. 

In clinical routine, response to anti-tumor therapy 
is usually assessed purely by measuring the size of the 
tumor. However, often there is a delay between start 
of therapy and decrease in tumor size, and in some 
cases tumors even increase in size after initiation of 
therapy before they start shrinking. 

Therefore, more specific imaging strategies are re- 
quired which provide insight into the vitality of the 
tumor. Beside data on tumor metabolism, apoptosis 
and the expression of molecular markers, functional 
information about tumor vascularization is desirable, 
the latter being particularly important for monitor- 
ing antiangiogenic therapies. 

Unfortunately, the functional consequences of tu- 
mor vascularization and its impact for tumor charac- 
terization and the assessment of therapy response are 
still poorly understood. Therefore, it is mandatory to 
combine basic research on the cellular mechanisms 
of angiogenesis with research on new non-invasive 
imaging strategies at the preclinical level. At this level 
molecular biology elucidates proteomics and genom- 
ics in the regulation of angiogenesis and can thereby 
provide new targets for specific diagnostic and thera- 
peutic agents. Non-invasive imaging allows the study 
of functional changes in tumor vascularization after 
modulation of molecular regulators of angiogenesis 
and, consequently, the preclinical evaluation of new 
therapeutics in animal experiments. During this pro- 
cess, imaging concepts for consecutive clinical trials 
can be developed which are individualized for the 
specific drug and which improve the translation of 
basic to preclinical research. 


In this chapter, important modalities and methods 
for non-invasive imaging of angiogenesis are intro- 
duced. Important findings regarding the functional 
effects of antiangiogenic therapy on tumor vascular- 
ization are reported and discussed in the context of 
early clinical trials. 

In addition, an overview is given on the current 
status of non-invasive “molecular imaging” methods, 
including specific contrast agents and the non-inva- 
sive tracking of cells that contribute to the angiogen- 
esis process. 


Magnetic Resonance Imaging 


30.2.1 
Dynamic Contrast-Enhanced Magnetic 
Resonance Imaging 


Magnetic resonance imaging (MRI) is performed by 
measuring the relaxation of nuclei (usually protons) 
in the tissue after excitation by an external electro- 
magnetic pulse. The term relaxation denotes the 
process of dissipation of previously stored energy. 
One distinguishes two different relaxation processes: 
the longitudinal T, relaxation and the transverse T, 
relaxation, which are tissue-dependent processes. 
Since the T, relaxation is usually faster than the T, 
relaxation, the two processes can be investigated 
separately. This gives the observer the opportunity 
to quantify T, and T, relaxation times and to produce 
images that are more influenced by T, (T,-weighted 
image) or by T, (T,-weighted image). Depending on 
this weighting, the tissue contrast is different. 

MRI contrast agents considerably influence the 
relaxation times of the surrounding tissues, creating 
an additionally positive or negative contrast effect. 
Clinically, low-molecular-weight contrast agents 
are used to delineate tumors and other pathologies. 
The enhancement in the lesion is related to high 
extravasation ofthecontrast material duetoincreased 
vessel permeability, the increased size of the inter- 


stitial space, delayed redistribution into vessels, and 
the abnormal perfusion. 

In the clinical routine, usually one to three con- 
trast-enhanced scans of the same region of the body 
are obtained. In most cases this is sufficient to de- 
tect a pathologic lesion and to get a rough idea of the 
underlying disease. For a more detailed character- 
ization of a pathologic vascularization by means of 
functional data such as tissue blood volume, perfu- 
sion and vessel permeability, however, a high num- 
ber of contrast-enhanced scans are required at the 
same position at short intervals, This measurement 
procedure is termed dynamic contrast-enhanced 
(DCE) imaging. 

DCE MRI is usually performed using T,-weighted 
or T, -weighted imaging. While the injection of 
contrast agent induces a signal enhancement in T,- 
weighted scans, a darkening occurs in T, -weighted 
DCE MRI (Padhani 2003; Akella et al. 2004). A ma- 
jor difference between these techniques is that T,"- 
weighted imaging is usually performed with high 
temporal resolution in order to catch the first pass 
of contrast medium in the vessels, providing data 
on tissue blood volume, perfusion and blood flow. 
In contrast, T,-weighted DCE MRI scans are usu- 
ally performed with lower temporal resolution and 
the measured signal intensity change derives mostly 
from contrast medium which is extravasated into the 
interstitial space. Vascularization descriptors can be 
extracted from the behavior of the signal enhance- 
ment over time on the T,-weighted DCE MRI scans, 
using mathematical interpolations. Alternatively, 
pharmacokinetic models can be applied that provide 
physiological data about tissue blood volume, perfu- 
sion and vessel permeability. 

Frequently used pharmacokinetic models are the 
two-compartment models developed by Brix (Brix 
et al. 1991) and Tofts (Tofts and Kermode 1991). In 
both models compartment 1 is considered to be the 
intravascular and compartment 2 the interstitial 
space. After injection of contrast medium there is an 
exchange of the contrast agent between the two com- 
partments, described by the parameters k,, (kpe) and 
ka; (kep) (Fig. 30.1). The exchange rate constant k,, 
is considered mainly to reflect vessel permeability. 
However, it has to be considered that in the case of 
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low tissue perfusion and high extravasation this pa- 
rameter will also become highly influenced by perfu- 
sion. Another relevant parameter is the amplitude, 
which describes the maximum increase in signal in- 
tensity in the tissue after administration of contrast 
medium. This parameter is a relative measure of the 
tissue blood volume. However, for its interpretation, 
one has to consider that most of the recorded signal 
derives from contrast material accumulated in the 
interstitial space. 

It is obvious that a model distinguishing only two 
tumor compartments does not completely consider 
the tumor biology in all its complexity. Therefore, 
multi-compartment models have been developed 
(Port et al. 1999) that display the in vivo situation to 
a greater extent. However, in particular for MRI non- 
invasive imaging is always a compromise between 
temporal and spatial resolution in order to achieve 
a sufficiently high signal-to-noise ratio (SNR). The 
SNR is proportional to the field strength of the MR 
scanner, to the chosen voxel size and to the scan 
time. Complex pharmacokinetic models usually re- 
quire an arterial input function of the target tissue, 
and high temporal resolution is prerequisite for ac- 
curate measurement of peak contrast agent inflow. 
Thus, complex models often cannot reliably be ap- 
plied in small animals, where high circulation times 
come together with the demand for high-resolution 
imaging. In addition, particularly in tumors a singu- 
lar arterial input function does often not exist. 


30.2.2 
Functional Vascularization Parameters Derived 
from DCE MRI 


Tissue blood volume proved to be a sensitive indica- 
tor of therapy response (Kiessling et al. 2004a; Akella 
et al. 2004). In experimental tumors in nude mice, 
which were treated with an antiangiogenic inhibitory 
vascular endothelial growth factor (VEGF)-receptor 
blocking antibody, a reduction in tumor blood vol- 
ume was observed even before tumor size reduction 
(Fig. 30.2) (Kiessling et al. 2004a). 

Also in patients with brain tumors examined 
using T,-weighted DCE MRI the response to 
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Fig. 30.1a~c, Principle of DCE MRI and postprocessing using a pharmacokinetic two-compartment model. a Repeated 
scans are performed at identical position after injection of contrast medium. b Regions of interest (ROI) are defined on the 
images and signal intensity-time curves are calculated. c Postprocessing of these signal intensity-time curves can be done 
using different pharmacokinetic models. Exemplarily the principle of the two-compartment model of Brix is shown, which 
considers the inflow of contrast medium into the target tissue and the bidirectional exchange (k12 and k21) between an 


intravascular and an extravascular extracellular compartment 


antiangiogenic drugs was reflected in a reduc- 
tion of tumor blood volume and tumor blood flow 
(Akella et al. 2004). However, the use of tissue 
blood volume as an indicator of therapy response 
can become problematic when tumors start to de- 
crease in size. It may hapen that vessel density 
decreases faster than the tumor shrinks. In this case 
a decrease in tissue blood volume will be observed, 


and as a consequence, functional perfusion imaging 
could be a valuable monitoring tool. However, it may 
also happen that the decreases in vessel density and 
tumor volume are balanced, which would lead to no 
change in tumor blood volume. In the worst case the 
tumor volume decreases faster than the vessel vol- 
ume, causing a relative increase in tumor blood vol- 
ume. This would be the case if large mature vessels 
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Fig. 30.2, Color-coded parameter maps of MR amplitude (reflecting relative blood volume) of two subcutaneous squamous 
cell carcinoma xenografts in nude mice during follow-up. The tumor in the top row was treated with the VEGF-R2-blocking 
antibody DC101, while the tumor in the middle row was untreated. The MR parameter maps indicate a rapid decrease in 
central tumor blood volume in the treated tumor, which occurs prior to size reduction, Central regressive decrease in blood 
volume is also observed in the control rumor, but this is much less pronounced. [mmunofluorescence images of vessels (bot- 
tom row; CD31, red) confirin the central decrease in vessel density during therapy (Kiessling et al. 2004a) 


of the tumor periphery, which carry high amounts of 
blood, are less affected by the antiangiogenic therapy 
and draw closer due to shrinkage of the tumors, With- 
out knowing these mechanisms, an increase in tumor 
blood volume could be misinterpreted as relapse. 

In summary, tumor blood volume can be con- 
sidered as an appropriate measure of early antian- 
giogenic therapy response (as long as tumors do not 
markedly decrease in size), This means for clinical 
purposes that optimal timing between therapy ini- 
tiation and non-invasive imaging may be mandatory, 
necessitating accurate preclinical and clinical evalu- 
ation of therapy effects for each tumor type. 

A second important parameter of vessel function 
is the permeability. Due ta the high leakiness of im- 
mature vessels, permeability can be considered as an 
indicator of the degree of vessel maturity. In particu- 


lar, tumor vessels regularly show large fenestrations 
which make them permeable for plasma proteins and 
other macromolecules, Furthermore, vessel perme- 
ability is highly influenced by angiogenic factors such 
as VEGF, and it has been shown that vessel perme- 
ability can be used as a measure of tumor malignancy 
(Yang et al. 2003; Hawighorst et al. 1999). In patients 
with colorectal cancer and liver metastases, treated 
with an inhibitor of VEGF receptor tyrosine kinases, 
tumor vessel permeability as determined by DCE 
MRI was even capable of predicting clinical response 
to the treatment (Morgan et al. 2003). 

Unfortunately, DCE MRI in combination with 
small clinically approved gadolinium chelates often 
fails to show effects of antiangiogenic therapy on ves- 
sel permeability, This is true even for highly effective 
treatments against VEGF and its receptors (Kiessling 
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et al. 2004a; Preda et al. 2004). There is a simple ex- 
planation for this unexpected result. Depending on 
the tumor type, tumor vessel permeability can be so 
high that the extravasation of the contrast agent oc- 
curs almost immediately after it arrives in the vessels. 
The short time between the arrival of the contrast 
medium in the vessel and its extravasation cannot be 
assessed by the MRI due to limitations in temporal 
resolution. Thus, the resulting parameters of vessel 
permeability actually reflect tissue perfusion more 
than vessel permeability. The use of macromolecular 
or protein-binding contrast agents is an appropriate 
solution to overcome this problem. 

Indeed, it has been shown that using blood-pool 
contrast agents, permeability becomes a suitable in- 
dicator of tumor response to antivascular therapy 
(Preda et al. 2004; Daldrup-Link et al. 2004; Brasch 
and Turetschek 2000; Marzola et al. 2004). Attempts 
have been made to evaluate an optimal size range 
for MR contrast agents to assess vessel permeability 
(Brasch and Turetschek 2000). In general, a molecu- 
lar weight range between 5 kDa and 60 kDa seems to 
be suitable. However, this can vary depending on the 
charge, mobility and three-dimensional structure of 
the contrast agents. For a systematic analysis of ves- 
sel permeability, polymers that contain gadolinium 
or other lanthanides are suited because their molecu- 
lar weight can be modified without highly influencing 
the charge and constitution of the probes (Weissleder 
et al. 2001; Kiessling et al. 2006). 

Dendritic polymers containing gadolinium che- 
lates of intermediate molecular weight have found 
their way into clinical evaluation (Kobayashi and 
Brechbiel 2003). These have primarily been developed 
as blood-pool contrast agents for MR angiography 
but are also valuable for studying vessel permeability 
(Kobayashi et al. 2004). 

A further way of studying vessel permeability is 
the labeling of plasma proteins such as albumin with 
gadolinium chelates. Albumin extravasates slowly in 
tumors, is deposited in the interstitial space, trapped 
in necrotic areas (Pathak et al. 2005) and partially 
phagocytosed and metabolized by the tumor cells 
(Kiessling et al. 2002). Since the extravasation of gad- 
olinium-DTPA-labeled albumin in tumors is mostly 
attributed to immature hyperpermeable vessels, it is 


suited for discrimination of mature and immature 
vessels and to show the regulation of tumor vessel 
permeability in vivo (Gilad et al. 2005). 

There are also contrast agents that temporarily 
bind to plasma proteins and which have been devel- 
oped mainly for MR angiography in the clinical use 
(Knopp et al. 1999). It has been shown that these are 
principally also suited for DCE MRI studies on ves- 
sel permeability (Preda et al. 2004). However, the 
unbound fraction of the contrast agent and fractions 
bound to various plasma proteins make pharmacoki- 
netic analysis difficult and suggest the use of descrip- 
tive models. 


30.2.3 
Contrast-enhanced MR Angiography 


Visualization of small vessels in tumors by MRI 
requires long scan times (>10 min), and the use of 
blood-pool contrast agents is mandatory due to fast 
extravasation of the small gadolinium-containing 
compounds that are used clinically. In principle, most 
of the above-mentioned blood-pool contrast agents 
can be used for MR angiography. 

Using clinical MR scanners, MR angiography is 
capable of visualizing tumor vessels down to diam- 
eters of approximately 100 um (Kobayashi et al. 2001). 
Capillaries and small immature vessels, however, 
which are of the highest interest for the imaging of 
angiogenesis, cannot be resolved. It has to be shown 
in the future down to what size tumor vessels can be 
displayed using high-field MR scanners, which pro- 
vide high SNR at high spatial resolution but lower 
contrast for gadolinium-containing contrast agents 
due to longer T, relaxation times. 


30.2.4 
MRI of Vessel Morphology and 
Function Using Intrinsic Contrast 


There are methods to visualize vessels and assess 
functional parameters of tissue vascularization 
without injecting contrast agents. One of those is 
“blood oxygenation level-dependent” (BOLD) MRI. 


BOLD imaging uses the fact that gradient-echo MR 
sequences are sensitive to changes in blood flow and 
the level of oxygenated hemoglobin. In detail, this 
means that oxygenation of hemoglobin reduces T,” 
effects and thus increases the signal in the tissue. Lo- 
cal changes in tissue vascularization, e.g. dilatation 
of vessels and increased perfusion, can be assessed. 
The effect can be enhanced by increasing the amount 
of oxygen in the breathed air. In the context of tumor 
angiogenesis it was shown by Michal Neeman and 
co-workers that mature and immature vessels can 
be differentiated by studying the reactivity of vessels 
to hyperoxia and hypercapnia using BOLD imaging 
(Neeman et al. 2001; Abramovitch et al. 1999). For 
this purpose, during MR imaging the animals were 
exposed consecutively to ambient air, a mixture of 
air (95%) and CO, (5%), and a mixture of O, (95%) 
and CO, (5%). The BOLD signal was then highly de- 
pendent on the amounts of reactive and non-reactive 
vessels. Using this method in an experimental tumor 
model with inducible overexpression of VEGF, the re- 
sponse of tumor vessels to VEGF was non-invasively 
assessed (Abramovitch et al. 1999). 

In this context, it is important to note that the 
above-mentioned MR application and also other ap- 
plications using intrinsic contrast, such as “time of 
flight” (TOF) angiography and “arterial spin label- 
ing” (to measure perfusion and blood flow) require 
high SNRs and in small animals often can only re- 
liably performed with dedicated MR scanners with 
higher field strengths (>4.7 tesla). 


Computed Tomography 


In contrast to MRI, computed tomography (CT) gen- 
erates images based on the absorption of X-rays. 
Most CT scanners are equipped with an X-ray source 
and a experimental (CT scanners) detector system at 
the opposite side of the gantry, both rotating around 
the examined object. The object, lying on a table, 
is moved through the gantry and scanned slice by 
slice or continuously in a spiral mode. In contrast, 
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modern clinical CT scanners use fixed multirow 
detector rings allowing the scanning of 4-64 slices 
(some prototypes; up to 256 slices) simultaneously. 
This allows continuous coverage of more than 2 cm 
in the longitudinal axis of the object. However, while 
a resolution of about 200 um pixel length can be re- 
solved in the transverse plane, a reduction of the slice 
thickness under 500 pm is usually not feasible. 

Flat panel-equipped CT (fpVCT) devices use 
amorphous silicate flat panel detectors, which al- 
low large z-coverage with high isotropic resolution 
(Kiessling et al. 2004b). 

As contrast agents small iodine-containing sub- 
stances are used which, like small gadolinium che- 
lates, show fast extravasation. Attempts have been 
made to design blood-pool CT contrast agents using 
iodine-containing, liposomal-like substances. How- 
ever, these do not yet fulfill the requirements to im- 
age microvessels, due to the minor vessel enhance- 
ment that can be achieved compared with the bolus 
enhancement of clinical contrast agents. Therefore, 
the best way to morphologically visualize small ves- 
sels by CT is a fast scan during the first pass of the 
contrast agent. 

Using clinical CT scanners, larger central vessels 
of mice and rats such as the aorta, the pulmonary 
arteries and veins, the veins of the liver and some 
vessels of the extremities can be resolved; however, 
small tumor vessels have not yet been visualized. 
In contrast, fpVCT has proven capable of depicting 
smaller vessels like the suprarenal arteries and car- 
diac veins in mice (Greschus et al. 2005). It has also 
been shown that the development of vessels in ex- 
perimental tumors of nude mice, which had diame- 
ters clearly smaller than 100 um, could be visualized 
(Fig. 30.3) and monitored longitudinally (Kiessling 
et al. 2004b). In this study the iodine doses adminis- 
tered to visualize the tumor vessels were high; how- 
ever, no side effects on the tumor-bearing animals 
were observed during the examination period. 

There are two major limitations of this imaging 
method that can influence the assessment of angio- 
genesis and antiangiogenic effects: Although the 
scans were performed during the first pass of the 
contrast agent, it remains unclear to what degree 
contrast medium that was extravasated early into 
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the interstitial space supported the visualization 
of the small tumor vessels. In addition, like in MR 
angiography no capillaries and small immature ves- 
sels, on which the most pronounced effects of anti- 
angiogenic therapy are expected, were visualized. 
Beside the morphologic visualization of tumor 
vessels, dynamic contrast-enhanced experiments 
to assess functional data on perfusion can also be 
performed using fpVCT scanners. Initial experi- 
ence with perfusion measurements of the rat brain 
show that reliable data can be determined (Greschus 
et al, 2005). In comparison with DCE MRI, it is an 
advantage that larger volumes of the animal can 
be measured dynamically in less than 3s and that 
the CT data can be quantified directly. However, it 
is a disadvantage that the animals are exposed to 
X-rays and that the X-ray dose for a dynamic scan 
is high. In particular, in follow-up studies with sev- 
eral dynamic fpVCT scans on the same animal, the 
administered doses accumulate and thus the total 
dose should be considered carefully before starting 
the trial, in order to avoid any influence of the CT 
measurement on tumor biology and animal health. 
In contrast to fpVCT scanners, pCT scanners 
are designed to provide higher resolution with 
less than 10 um pixel length but usually need long 
scan times (>10 min) and high X-ray doses, which 


Fig. 30.3. Three dimensional reconstruction of a contrast- 
enhanced fpVCT scan of a nude mouse, showing the ves- 
sels of a subcutaneous squamous cell carcinoma xenograft 
approximately 1 cm in diameter 


are not tolerated by animals. Even if the X-ray dose 
can be decreased to a level that allows survival of 
the animals, an influence on the biological process 
under consideration, e.g, tumor growth, cannot be 
excluded. Thus, most high-resolution CT scan- 
ners are more suited for the examination of tissue 
specimens than of living animals, In tissue samples, 
however, it has been shown that tumor vessels with 
diameters less than 30 um can be visualized and re- 
constructed three-dimensionally (Maehara 2003). 
In excised VX2 tumors of rabbits, small immature 
vessels, filled with barium sulfate, could be detected 
only 3 days after tumor cell transplantation. 


Contrast-Enhanced Ultrasound 


Ultrasound has some advantages over other non-in- 
vasive imaging modalities, It is a real-time method 
with high temporal and spatial resolution, even in 
the detection of tissue vascularization. Furthermore, 
it is widely available and inexpensive. However, in 
principle it is only a two-dimensional method, and the 
image quality depends on the acoustic characteristics 
of the examined tissue. Thus, the technical adequacy 
is examiner and examination dependent, and may 
vary considerably. 

The use of ultrasound contrast agents that consist of 
small microbubbles (1-10 um in diameter) enables the 
visualization of perfusion. In principle, each single 
microbubble can be detected using contrast-specific 
ultrasound techniques, thus providing exquisite sen- 
sitivity, much higher than that of MRL. 
Microbubbles can be destroyed using high - but clini- 
cally applied - ultrasound pulses. This destruction of 
the bubbles creates a large ultrasound signal (stimu- 
lated acoustic emission), which can then be detected 
by the ultrasound device. Thus, high-energy tech- 
niques are very sensitive in detecting ultrasound con- 
trast agents. However, it has to be taken into account 
that each ultrasound pulse destroys the bubbles in the 
region of interest. Therefore, the contrast agent might 
not be able to enter the smallest vessels. In order to 


visualize also capillary perfusion, the pulse repetition 
rate of the ultrasound device must be reduced to give 
the microbubbles enough time to enter the capillar- 
ies. In previous studies this was often not considered. 
This is one possible explanation why in several studies 
no correlation was found between ultrasound perfu- 
sion parameters and histological microvessel density 
(Schroeder et al. 2001; Forsberg et al. 2002; Iordanescu 
et al. 2002), in contrast to recent studies using more 
dedicated technical procedures (Pollard et al. 2002; 
Krix et al. 2003b). 

Novel ultrasound techniques with higher specificity 
to ultrasound contrast agents use the fact that micro- 
bubbles show a non-linear behavior of the vibrations 
that are generated by the acoustic field. Since micro- 
bubbles expand more readily in phases of negative 
acoustic pressure than they contract with high pres- 
sure, the backscatter characteristics of the contrast 
agent will be non-linear. These non-linear signals are 
amplified in contrast-specific techniques, while the 
background signal from the tissue is reduced. Using 
these techniques, higher spatial resolution in contrast- 
enhanced ultrasound is possible. Furthermore, these 
techniques work at a low energy level (low mechanical 
index). Thus, the destruction of the microbubbles is 
considerably reduced, which results in the ability to 
visualize perfusion in real time. Recent studies have 
shown the potential of these ultrasound techniques, 
which yielded sensitive and detailed non-invasive im- 
aging of tumor microvascularization (Fig. 30.4), but 
detailed results in clinical or preclinical applications 
are still lacking. 

For quantification of tissue perfusion in ultrasound 
the dynamics of the signal enhancement after injection 
of contrast medium have to be measured in regions of 
interest (ROI), similar to other radiological modali- 
ties. An important assumption for the quantification 
of contrast-enhanced ultrasound signals is that the 
measured signal is proportional to the microbubble 
concentration. Several signal parameters have been 
used, and high-frequency raw data are considered as 
the gold standard. Video signal parameters such as 
the color pixel density or the mean color value (e.g. 
of a dynamic power Doppler examination) are more 
easily obtained and have shown to be useful (Wei et al. 
1998; Krix et al. 2003b; Kiessling et al. 2003). 
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Compared to other modalities, complex pharma- 

cokinetic models describing the extravasation of the 
contrast agent are not necessary using contrast-en- 
hanced ultrasound, since the microbubbles remain 
strictly intravascular. Therefore, perfusion values can 
be measured accurately. On the other hand, it is not 
possible to obtain information about the permeability 
of the examined vessels. 
Mathematical parameters of the perfusion curve 
(ultrasound signal intensity-time curve) such as the 
maximum, the initial increase, the start of the in- 
crease, or the area under the whole curve have been 
used to indirectly assess tissue perfusion. Since the 
perfusion curve describes the wash-in and wash-out 
dynamics of the intravasal contrast agent, these pa- 
rameters reflect the tissue vascularization to a certain 
degree. In several studies the degree of vasculariza- 
tion and therapeutic effects could be monitored using 
such perfusion parameters derived from contrast-en- 
hanced ultrasound in preclinical studies (Schroeder 
et al. 2001; Forsberg et al. 2002; Iordanescu et al. 2002; 
Denis et al. 2002). However, it has to be kept in mind 
that these parameters merely indirectly describe 
perfusion. They are not derived from an underlying 
model, which could allow for direct correlation with 
physiological perfusion quantities such as blood vol- 
ume or blood flow. 

Such a direct quantification of perfusion is possible 
using a specific ultrasound method, which is called 
replenishment analysis. This technique uses the de- 
struction of microbubbles by high-energy ultrasound 
pulses (“flash”) and measures the consecutive refill- 
ing of contrast medium from outside the ROI where 
the bubbles are still present. The initial increase of the 
replenishment curve (ultrasound signal intensity over 
time after destruction) reflects the mean blood flow ve- 
locity inside the ROI. The higher the mean blood flow, 
the higher the gradient of the replenishment curve 
will be. If the ultrasound beam width is known, the 
blood flow velocity can be absolutely calculated. The 
replenishment curve asymptotically reaches a plateau 
when all vessels inside the ROI are completely refilled 
with microbubbles. This plateau can be considered as 
a parameter proportional to the blood volume in the 
ROI. A parameter proportional to the perfusion can 
be then calculated by the product of blood volume and 
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Fig. 30.4a-d, Ultrasound examination of a murine subcutaneous squamous cell carcinoma (HaCaT-ras). In contrast to 
conventional Doppler sonography (a; blood flow is visualized color-coded), contrast-specific ultrasound techniques (after 
injection of 100 pl Sonovue’, Bracco, Milan, Italy) sensitively detects strong and nearly homogeneous tumor vascularization: 
b before contrast enhancement; c during wash-in; d at maximum enhancement, 7 s after injection 


blood flow velocity according to a model proposed by 
Wei (Wei et al. 1998). Several studies have proven the 
validity and accuracy of this detailed quantification of 
perfusion (Wei et al. 1998; Seidel et al. 2000; Rim et al. 
2001; Krix et al. 2003b). A significant correlation with 
histologically assessed microvessel density, perfusion 
parameters from DCE MRI, and ultrasound perfusion 
parameters was found (Kiessling et al. 2003), and clin- 
ical application has yielded promising results (Krix 
et al. 2004). 

However, Wei’s model assumed a constant veloc- 
ity of refilling and neglected the fact that the con- 
trast agent re-entry will depend on the alignment 
of the vessels (varying caliber and direction). It was 
chosen for mainly practical reasons, i.e., because of 


its simplicity, but was far from being a consistent 
description of the refilling process. Therefore, other 
models have been proposed attempting a more 
physiological analysis of replenishment kinetics 
(Lucidarme et al. 2003; Pollard et al. 2002). One ex- 
ample is a multivessel model which was previously 
developed to calculate tumor perfusion (Krix et al. 
2003a). Using this model one can also calculate a 
“vessel distribution coefficient,” which helps to de- 
termine the degree of uniformity of the blood flow 
velocities inside all vessels in the ROI. This may be 
used as additional information to assess functional 
changes, e.g., in tumors. In addition, this multives- 
sel model can be used with a single bolus injection 
instead of the usually required continuous infusion 
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of contrast agent when analyzing replenishment 
kinetics. This enabled the examination of small 
animals in preclinical research (Krix et al. 2003a, 
2003b), where an infusion is not feasible in small 
animals like nude mice. 

After the initial studies evaluating contrast-en- 
hanced ultrasound for use in assessing tumor vas- 
cularization, treatment monitoring was performed 
in several studies. Echocardiography played an im- 
portant role in the development of new contrast-en- 
hanced ultrasound methods (Wei et al. 1998). Pro- 
angiogenic effects of VEGF-121 in the myocardium 
could be assessed using contrast echocardiography 
(Villanueva et al. 2002). Antiangiogenic drugs have 
gained importance, and consequently most preclin- 
ical treatment monitoring studies using contrast- 
enhanced ultrasound have been performed in the 
context of antiangiogenic therapy. Several tumor 
models, such as subcutaneous prostate, breast and 
squamous cell carcinomas, have been used. Con- 
trast-enhanced ultrasound successfully showed 
changes in the perfusion after treatment with anti- 
angiogenic agents such as VEGF antibody or prot- 
amine (Iordanescu etal. 2002; Krix et al. 2003b; Tang 
et al, 2003). As in MRI it was found that early follow- 
up measurement may be necessary in ultrasound to 
comprehensively assess treatment related changes 
in tumor perfusion (Krix et al. 2003b) (Fig. 30.5). 
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Positron Emission Tomography and 
Single Photon Emission Tomography 


In Positron emission tomography (PET) and single 
photon emission tomography (SPECT), gamma ray 
photons derived directly orindirectly frominjected 
radionuclides are measured by rotating scintilla- 
tion detectors. Advantages of these modalities are 
that the data can be analyzed quantitatively and 
that the sensitivity for detection of radioactive 
tracers is much higher than with MRI and CT. In 
contrast to radionuclides used in SPECT, in which 
the gamma ray photons are emitted directly from 
the radioisotope, in PET the positron moves about 
1 mm in the tissue until it combines with a nor- 
mal electron, causing the emission of two 511-keV 
photons at an angle of almost 180°. 

While a broad range of SPECT tracers are avail- 
able, varying in half-life between minutes and 
days, most PET tracers have very short half-life, 
between 2 min and 20 min. Thus, in order to gen- 
erate the isotopes for PET a cyclotron has to be 
available, 

Compared with MRI, CT and ultrasound, nu- 
clear medicine techniques are limited by the lack 
of intrinsic tissue contrast and the low spatial 


Fig. 30.5a-c. Ultrasound images of a treated tumor at the time of maximal enhancement after bolus injection of contrast 
agent. a When the tumor was 3 weeks old. b One week after the commencement of therapy with antibody to VEGF receptor, 
the tumor has become larger but the vascularization is strongly decreased. c During the following week, this resulted in a 
reduction of tumor volume (inversely correlated with tumor perfusion at the week before). 
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resolution. This, however, can be balanced using 
image fusion with CT or MRI scans and explains 
increasing clinical interest in PET with the intro- 
duction of PET-CT combination scanners. 

Of the numerous possible PET techniques for 
assessment of surrogate markers of tissue vascu- 
larization, H,!°O-PET is most frequently used to 
determine tissue perfusion and C!°O-carbon mon- 
oxide-PET is most frequently employed to deter- 
mine tissue blood volume (Laking and Price 2003). 
To determine tissue perfusion, the accumulation 
of H,'50 is measured in the target tissue and in an 
arterial input function after intravenous injection. 
Pharmacokinetic modeling of the concentration 
over the course of time then allows the extraction 
of physiological parameters. In line with the post- 
processing of DCE MRI scans, pharmacokinetic 
one- to four-compartment models can be applied 
(Laking and Price 2003). 

In order to determine tissue blood volume one 
uses the fact that C'5O-carbon monoxide irrevers- 
ibly binds to hemoglobin. Thus, this tracer remains 
strictly intravascular, which allows ready determi- 
nation of the relative vascular volume in the tissue 
after determination of the tracer concentration in 
the blood (Laking and Price 2003). 

Several clinical studies on tumors and metas- 
tases of patients with advanced neoplastic disease 
have indicated that H,!°O-perfusion and C!°0- 
carbon monoxide PET are able to assess cytostatic 
therapy effects (Laking and Price 2003; Herbst 
et al. 2002; Logan et al. 2002; Koh et al. 2003). In this 
context, Herbst and co-workers published initial 
results on patients with different types of cancer 
who were treated with a human recombinant end- 
ostatin, and observed a dose-dependent decrease 
in tumor blood flow after therapy (Herbst et al. 
2002). However, in line with the results from MRI, 
a reduction of perfusion and vascular volume was 
not found in all PET studies after therapy; in some 
cases no change, or even an increase, in perfusion 
and blood flow was observed (Gupta et al. 2003). 
This does not indicate weakness of the method but 
clearly demonstrates the complexity of tumor ves- 
sel function and the need for a comprehensive and 
systematical analysis. 


Molecular Imaging Approaches 


Molecular imaging is defined as the non-invasiv 
assessment of molecular characteristics and th 
visualization of cell function. In the context o 
angiogenesis, molecular imaging yields importan 
insights into the characteristics and formation o 
vessels and allows specific follow-up of antiangio 
genic therapy. 

Two major tasks will be discussed in this sec- 
tion: (1) the non-invasive tracking of cells in ordei 
to study the cellular assembly of new vessels and the 
role of progenitor cells in vessel formation; (2) the 
use of specific contrast agents, which usually con- 
sist of a specific ligand bound to a signaling mol- 
ecule (Weissleder and Mahmood 2001). 

Several modalities are suited for this approach. 
The highest sensitivity for specific probes is achieved 
using nuclear medicine techniques such as SPECT 
and PET. Optical imaging also yields high sensitiv- 
ity; however, scattering limits the tissue penetra- 
tion. The visualization of targets located deeper in 
the tissue can be improved using near-infrared dyes 
and optical tomography techniques (Ntziachristos 
et al. 2003). Compared with the nuclear medicine 
techniques, it is a limitation of optical imaging that 
absolute quantification of the signals is still chal- 
lenging. 

Compared to optical and nuclear medicine tech- 
niques the sensitivity of MRI to contrast agents is 
lower by a factor of more than 1000. On the other 
hand, MRI provides excellent tissue contrast and 
resolution, which is important to localize the area 
ofinterest in vivo. In particular, high spatial resolu- 
tion and excellent tissue contrast are desirable for 
the tracking of labeled cells and the localization of 
angiogenic sites in tumors. Therefore, it is worth 
developing molecular imaging approaches for MRI; 
however, the low sensitivity has to be considered in 
the choice of the target and the signaling molecule: 
One might choose surface receptors that trigger re- 
ceptor-mediated endocytosis of the contrast agents 
and cause them to accumulate in the lysosomes of 
the cells. 
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Fig. 30.6.a~c, Magnetic resonance images of slices through a tumor of an animal 35 min after it was injected with paramag- 
netic RGD liposomes. a A slice through the periphery of the tumor showed a large amount of imaging voxels with significant 
signal enhancement. b Within an MRI slice, the signal enhancement was also mainly found at the edge of the tumor. « A 
slice through the middle of the tumor showed a low fraction of imaging voxels with signal enhancement, predominantly in 
the rim of the tumor, d-! Magnetic resonance images of slices through the tumor of an animal 35 min after injection with 


paramagnetic RAD liposomes. Signal enhancement was observed throughout the tumor at all slice positions, g i Slices 
through the tumor of an animal that was injected first with nonparamagnetic RGD liposomes to block the ov $3-integrin 
sites, and 35 min thereafter with paramagnetic RGD liposomes. Only a small number of voxels showed contrast enhancement. 
The color indicates the percentage of signal enhancement according to the pseudo-color scale on the right 
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Furthermore, sensitivity can be increased using 
“negative contrast agents” instead of gadolinium 
chelates, which cause a strong reduction of T, and 
T," relaxation times and produce local susceptibil- 
ity effects in the tissue. This leads to a local signal 
intensity decrease, and black spots occur on the T,- 
and T,'-weighted images. Usually these “negative 
contrast agents” consist of a superparamagnetic 
core of iron oxides (magnetite and maghemite) and 
a coating layer of dextran, citrate, or silicate. Larger 
super paramagnetic iron oxide particles (SPIOs) are 
distinguished from ultrasmall superparamagnetic 
iron oxide particles (USPIOs) with diameters of less 
than 60 nm. 

Cells can be incubated with these particles and 
phagocytose them unspecifically. When this hap- 
pens, larger particles with negative surface charge 
usually show stronger uptake. Uptake can be in- 
creased by using transfection agents or by bind- 
ing small peptides which trigger the transport 
through the plasma membrane, such as HIV-Tat, 
to the surface of the particles. In vitro experiments 
proved that even single cells that are loaded with 
such superparamagnetic particles can be detected 
(Foster-Gareau et al. 2003). In the context of tumor 
angiogenesis, in vivo studies showed that MRI can 
track the accumulation in tumors of USPIO-labeled 
progenitor cells, which differentiate there to endo- 
thelial cells, as indicated by subsequent histological 
evaluation (Anderson et al. 2005). 

Ultrasound can also be used in molecular imag- 
ing approaches to angiogenesis. Specific ligands are 
bound to the microbubbles that are used as contrast 
agents in ultrasound. However, since microbubbles 
do not extravasate due to their large size, only intra- 
vascular targets can be addressed. The sensitivity 
of modern ultrasound devices for microbubbles is 
high, and even single microbubbles can be detected, 
particularly if new contrast-specific techniques are 
used (Hauff et al. 2004). In studies on arteriosclero- 
sis it has already been shown that specific imaging 
of blood and lymphatic vessels can be successful us- 
ing ligands like ICAM and L-selectin (Hauff et al. 
2004). 

Frequently used targets for molecular imaging 
of angiogenesis by MRI and ultrasound are VEGF, 


VEGF receptors, ICAM, E-selectin, and avp3-inte- 
grin (Miller et al. 2005). In particular for the avB3- 
integrins there are publications with all mentioned 
modalities (Miller et al. 2005; Neeman 2002; Sipkins 
et al. 1998; Mulder et al. 2005). Beside antibodies 
(Sipkins et al. 1998), cyclic RGD peptides are often 
used as ligands to this marker, and in a recent publi- 
cation the presence of avf3-integrins on angiogenic 
tumor vessels could even be visualized by MRI ina 
positive contrast using RGD liposomes containing 
Gd-DTPA (Mulder et al. 2005) (Fig. 30.6). 

In summary, these initial results indicate that 
molecular imaging of angiogenesis works in small 
animals. However, in particular for MRI no spe- 
cific diagnostic compounds to angiogenic targets 
have entered clinical evaluation so far. Thus, it 
has to be elucidated whether these compounds can 
also be used successfully in patients and whether 
tumor characterization and assessment of therapy 
response can be improved. 
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Abstract 


Mechanistic analysis of processes involved 
in tumor angiogenesis and vascularization 
requires sophisticated in vivo experimental 
models and techniques. Intravital micros- 
copy allows for direct assessment of tumor 
angiogenesis, microcirculation and overall 
perfusion. Furthermore, recent advances in 
intravital microscopy now enable detailed 
analysis of tumor blood vessel permeabil- 
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Visualization of Microcirculation and 


Anti-Angiogenic Tumor Therapy 


ity, tumor oxygenation and imaging of blood 
vessel-specific epitopes at the molecular 
level, as well as intra- and extravascular 
cell-cell interactions. With the recent ad- 
vances in the field of bioluminescence and 
fluorescent reporter genes, appropriate for 
in vivo imaging, the intravital fluorescent 
microscopic approach has to be considered 
a powerful tool to study microvascular, cel- 
lular and molecular mechanisms of tumor 
growth, 


Introduction 


Today, critical insights into the biology of cancer 
are increasingly derived from experimental study 
designs that move away from the single cell level 
and focus rather on systems biology. This represents 
an important step, since neoplastic tissues consist 
of at least three distinct compartments, which in 
concert influence tumor biology, and may be clas- 
sified as cellular, interstitial or vascular in nature. 
Especially the tumor microcirculation and tumor 
interstitium have moved into the center of attention 
with respect to tumor growth, metastasis, tumor 
diagnosis and anti-tumor therapy. Angiogenesis 
and continuous remodeling of tumor microvascu- 
lature are considered essential for adequate tissue 
oxygenation and nutritional supply. Without angio- 
genesis most tumors will not progress to a clinically 
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relevant size nor will they metastasize to distant 
organs via the bloodstream. Just as tumors rely on 
their microvascular system for growth, metastasis 
and nutritional supply, therapeutic strategies like 
radiotherapy, chemotherapy and immunotherapy 
critically depend upon the adequate delivery of 
molecules and oxygen, a process governed by tumor 
blood flow and interstitial transport. In the light of 
the complexity and the dynamics of tumor micro- 
circulation and interstitial transport of molecules, 
it has also become apparent that the petri dish or 
conventional histomorphological techniques fail 
to adequately reflect the full dimensions of local 
and systemic feedback loops underlying tumor mi- 
crocirculation in vivo. This notion prompted the 
search for in vivo experimental models and tech- 
niques, preferentially non- or minimally invasive, 
that allow for a detailed and sophisticated approach 
to the vascular compartment of a tumor. 

In this respect, intravital epifluorescence mi- 
croscopy is currently the imaging modality of 
choice, representing a versatile experimental tool 
for the direct in vivo evaluation of vascular, cellular 
and molecular mechanisms underlying tumor an- 
giogenesis and microcirculation. This chapter will 
focus on the intravital microscopic visualization of 
the tumor microcirculation and its application in 
the study of anti-angiogenic tumor therapies. 


Experimental Models 


In order to assess a tumor by intravital microscopic 
means it has to be directly accessible for the optical 
system, which necessitates a microsurgical prepara- 
tion of the tumor-bearing organ or tissue. Basically, 
there are acute and chronic preparations available 
for an intravital microscopic analysis of tumor an- 
giogenesis and microcirculation. 

The acute intravital microscopic approach is 
most frequently performed on the liver, since it can 
be easily exposed by a transverse laparotomy and 
externalization on a plastic disc held by an adjust- 


able stage (Lehr et al. 1999; Vollmar et al. 1994). Us- 
ing this experimental model, liver metastases can 
be induced by tumor cell injection into the femo- 
ral/cecal vein and may subsequently be analyzed 
by intravital microscopy. In this way, Kan and co- 
workers were able to analyze the microvasculature 
of liver metastases, placing emphasis on the indi- 
vidual roles of the hepatic artery and portal vein for 
the blood supply of these tumors (Kan et al. 1993). 
In addition, refined microsurgical techniques have 
also made other organs amenable for acute intravi- 
tal microscopic analysis, such as the brain or spine 
(Vajkoczy et al. 2001). However, all of these acute 
animal preparations are limited by one major draw- 
back: they do not allow monitoring of angiogenic 
and microcirculatory events during tumor growth 
and progression over a prolonged period of time; 
rather, they represent a snapshot of tumor microcir- 
culation. To overcome this limitation, acute models 
require the study of a considerable number of ani- 
mals at different time points of tumor growth. This 
limitation is further aggravated by the considerable 
biological inter- and intraindividual variability 
among tumors, again necessitating a large number 
of experimental animals when studied by intravital 
microscopy in acute animal preparations. 
Consequently, for long-term intravital micro- 
scopic study of tumor microcirculation and, more 
importantly, the consequences of anti-angiogenic 
therapies, chronic models are superior to acute 
preparations. Currently, the most common chronic 
models are the dorsal skinfold chamber and the 
chronic cranial window. The dorsal skinfold cham- 
ber consists of two symmetrical titanium frames, 
which are used to embed the dorsal skinfold of the 
animal. Fixation of the frame is achieved by sutures 
and screws, one of them securing the top of the 
frames while the other two perforate the extended 
double layer of the skin on the bottom of the frames, 
without injuring the observed vessel or compromis- 
ing the animal’s breathing. Within the area of the 
observation window, one layer of skin is completely 
removed in a circular area of 15 mm diameter and 
the remaining layer, consisting of striated muscle, 
subcutaneous tissue and epidermis, is covered with 
a glass cover slip which is incorporated into one of 
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the frames and fixed with an elastic ring (Lehr et al. 
1993; Vajkoczy et al. 1995). In order to exclude prep- 
arations with trauma-induced or inflammation-as- 
sociated changes of tissue, a recovery period of 48 
h is allowed to elapse before the cover slip is tempo- 
rarily removed and tumor cell suspensions, tumor 
spheroids or intact tumor specimens are implanted 
by directly placing them onto the striated muscle 
(Leunig et al. 1992; Vajkoczy et al. 1998). The obvi- 
ous drawback of the dorsal skinfold chamber is that 
it does not represent an orthotopic implantation 
site for most tumor entities (except melanoma or 
mammary carcinoma). Thus, in order to study the 
microcirculation of brain tumors in an orthotopic 
model the chronic cranial window preparation has 
been developed (Yuan et al. 1994). A 6x7-mm bone 
flap is created bilaterally over the frontal and pari- 
etal regions of the skull and freed from the under- 
lying dura and sagittal sinus. The dura overlying 
each hemisphere is removed, avoiding any damage 
to the sinus and bridging veins (Fig. 31.1A). Finally, 
the tumor cell suspension or a tumor cell spheroid 
is directly placed onto the pial surface of one of the 
hemispheres and the window is sealed with a glass 
cover slip by sticking it to the bone using a histo- 
compatible glue (Fig. 31.1B). 

Using these two models, intravital microscopy rep- 
resents a highly sophisticated and versatile experi- 
mental technique to investigate the functional and 
structural characteristics of tumor microcircula- 
tion in vivo. Nevertheless, the models described 
above also feature distinct limitations. Since the 
implanted tumors are generated from transplant- 
able cell lines or grafted tumor specimens, the 
experimental tumors may respond differently to 
anti-angiogenic treatment modalities than primary 
tumors (Field et al. 1991). This obstacle could be 
overcome by transgenic animal tumor models al- 
lowing for in vivo analysis of spontaneous tumor 
entities (Field et al. 1991). Another disadvantage 
is the limited life span of the in-vivo preparations, 
which do not allow for an extended analysis of tu- 
mor angiogenesis and microcirculation beyond an 
observation period of 3-4 weeks, thus restricting 
the observation period to the early stages of tumor 
growth. 


Tumor Angiogenesis and Microcirculation 


As previously described, blood vessels may grow by 
different means (Carmeliet 2003). While vasculo- 
genesis refers to the formation of blood vessels by 
endothelial progenitor cells, angiogenesis refers to 
vascular sprouting and subsequent stabilization of 
these sprouts by mural cells (Carmeliet 2003). In this 
context tumor angiogenesis as observed by intravi- 
tal microscopy represents a multi-step process. The 
first phase, an avascular phase, occurring on days 
0-6 following tumor implantation, is characterized 
by the formation of initial vessel sprouts originat- 
ing from the venular segments of the host micro- 
vasculature without significant tumor growth. The 
next phase is characterized by the development of 
a functional microvascular network and tumor mi- 
crocirculation (days 6-14), accompanied by the ini- 
tiation of tumor growth. On days 14-21, an advanced 
phase can be observed with high neo-angiogenic 
activity in the periphery and active microvascular 
remodeling within the center of the growing tumor 
(Vajkoczy et al. 1998). 

A more detailed description of the tumor angio- 
genic process demands quantitative analysis of 
multiple microcirculatory parameters. This is best 
achieved with the support of a computer-assisted 
image analysis system. The length of all newly 
formed microvessels per tumor area is referred to 
as “total vascular density”. Although this param- 
eter gives an impression of the tumor’s angiogenic 
potential (similar to histological vessel density), it 
does not reveal information about the perfusion 
status of the tumor, which is critical for its nutri- 
tional blood supply. Intravital microscopic analysis 
offers the unique advantage that it visualizes not 
only the morphology of the tumor vasculature but 
also functional aspects of tumor microcirculation. 
For this purpose the parameter “functional vascular 
density”, defined as the length of red blood cell-per- 
fused microvessels per tumor area, was introduced, 
providing perfusion information on the tumor vas- 
culature (Vajkoczy et al. 1998, 1999b). In order to 
additionally specify the efficacy of the tumor an- 
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giogenic process, the ratio between functional and 
total vascular density can be calculated, represent- 
ing the microvascular perfusion index (Vajkoczy 
et al. 1998). By determination of these parameters, 
intravital microscopic analyses in fact demon- 
strated a low functional efficacy of the tumor an- 
giogenic process, since tumor microcirculation is 
characterized by a perfusion index of only 50%-70% 
as compared to 95% in normal tissue (Vajkoczy 
et al. 1998). Thus, even though many neoplasms are 
strongly vascularized and highly angiogenic tumors, 
tissue perfusion is often found to be lower and more 
variable than in the host tissue under physiological 
conditions (Groothuis et al. 1983). Clearly, insights 
of this kind are of major importance for future anti- 
tumor therapies. 

Furthermore, an in-depth analysis of tumor 
microcirculation using intravital microscopy may 
also include an assessment of microvascular vol- 
ume, vascular surface area and mean blood vessel 
diameter. Similarly, functional parameters such 
as pressure gradients, microvascular hematocrit 
and hemorheology may be included in the analy- 
sis. Finally, intravital microscopy is also capable 
of visualizing the high heterogeneity in tumor 
angioarchitecture, tumor vessel differentiation and 
functional blood supply. This heterogeneity in tu- 
mor angioarchitecture is the result of an immaturity 
of tumor blood vessels compared to the hierarchi- 
cally organized vascular system of regular organs 
(Verheul et al. 2004). Unlimited tumor expansion 
and therefore the continuous stimulation of vessel 


Fig. 31.1. A Macroscopic 
view of the cranial win- 
dow preparation before 
its sealing with the glass 
cover slip. B Intravital 
fluorescence microscopic 
view of the chronic cra- 
nial window preparation 
following implantation of 
a tumor cell suspension. 
Tumor cells are labeled 
with Fast Blue 


outgrowth prevent endothelial cells from generat- 
ing a mature and organized vasculature, but instead 
continuously stimulate them to expand the vascular 
compartment of the growing tumor (Verheul et al. 
2004). Consequently, tumors contain tortuous and 
maximally dilated vessels, shunts, variable intervas- 
cular spaces and large avascular areas (Leunig et al. 
1992; Vajkoczy et al. 1998). 

Using intravital microscopy tumor microcircu- 
lation can be classified into two different compart- 
ments. The peritumoral compartment refers to the 
area outside the tumor and adjacent to the tumor 
edges, whereas the intratumoral compartment is the 
solid tumor mass. Both compartments are charac- 
terized by a distinct angiogenic activity, expression 
of angiogenic growth factors and cognate receptors 
as well as vascular density (Fukumura et al. 1998; 
Vajkoczy et al. 1998, 1999b), However, microcircu- 
lation of tumors is not solely dependent on the ap- 
parent vascular density. In addition to the vascular 
length (= functional vessel length per area), tissue 
perfusion (ml/100 g/min) is further determined by 
mean vessel diameter, mean red blood cell velocity 
and intervascular spacing (Intaglietta and Zwei- 
fach 1974). Additionally, these parameters allow the 
calculation of blood flow rate (nl/s), vascular sur- 
face area (%) and geometrical resistance, providing 
further information about the microcirculatory fea- 
tures of the tumor (Baish et al. 1996; Leunig et al. 
1992; Vollmar et al. 1997b). 

Apart from the above-mentioned aspects, the an- 
gioarchitecture and its dynamic changes during tu- 
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mor growth may also affect tumor microcirculation. 
Most knowledge of tumor angioarchitecture is only 
descriptive and qualitative in nature, like the analy- 
sis of vascular branching orders and angles, vessel 
morphology, vessel length and diameter (Konerding 
et al. 1999; Less et al. 1997). Yet, there are a grow- 
ing number of quantitative approaches to assess 
functional data in this respect. A detailed computer 
reconstruction of intravital microscopic images, vi- 
sualizing small regions of tumor microvasculature, 
was applied to elucidate the complex microvascular 
arrangements (Secomb et al. 1993). By evaluating 
the fractal characteristics of vascular networks of 
tumors implanted into dorsal skinfold chambers in 
nude mice, the influence of tumor angioarchitec- 
ture on perfusion and transport may be assessed 
(Baish et al. 1996). Using an invasion percolation- 
based network model, the importance of tortuosity, 
vascular spacing, vessel diameter and viscosity for 
nutritional and drug transport is emphasized (Baish 
et al. 1996). Taking all findings together, tumor mi- 
crocirculation is influenced by multiple morpholog- 
ical, functional and hemorheological parameters, 
and intravital microscopy has contributed signifi- 
cantly to unraveling this complexity in vivo. 


Molecular Imaging 


Newly formed blood vessels display specific mo- 
lecular characteristics that are distinct from those 
of mature blood vessels. Molecules capable of selec- 
tively targeting epitopes that are specific for tumor 
angiogenesis, either within the blood vessel wall or 
the tumor stroma, may thus provide unique oppor- 
tunities for future diagnosis and therapy of tumors. 
For example, the ED-B domain of fibronectin rep- 
resents a possible molecular target, since it specifi- 
cally accumulates around neovascular structures, 
whereas it cannot be detected on mature blood 
vessels (Castellani et al. 1994). In order to better 
understand the mechanisms and dynamics of this 
tumor blood vessel and/or tumor stroma target- 


ing strategy, intravital fluorescence microscopy 
may be applied as an unique technique for experi- 
mental molecular imaging. By using fluorescently 
labeled high-affinity antibody fragments or small 
molecules directed against the epitope of interest, 
intravital microscopy provides the opportunity to 
analyze the distinct tumor blood vascular/stromal 
binding of the antibody, taking advantage of the 
high spatial resolution and high signal-to-noise ra- 
tio of the technique. Additionally, the time course 
and dynamics of the targeting process may be de- 
termined due to the high temporal resolution of 
the intravital microscopic approach. Finally, intra- 
vital microscopy also enables the correlation of the 
targeting process with the determinants of vessel 
perfusion. Hypothetically, high perfusion rates may 
lead to enhanced molecular binding to the vessel 
wall due to increased delivery of the antibody. On 
the other hand, high perfusion rates may also result 
in reduced targeting due to minimized contact time 
with the vessel wall. Clearly, molecular imaging by 
intravital microscopy represents the technique of 
choice in order to shed light on these controversies 
in the future and to provide valuable pre-clinical 
information for future clinical applications of vas- 
cular or stromal targeting strategies. 


Cell Interactions with the 
Tumor Blood Vessel Wall 


Using various in-vivo and ex-vivo labeling tech- 
niques, intravital microscopy allows visualization 
of the interplay between circulating cells, endothe- 
lial cells and tumor cells. In combination with the 
simultaneous in vivo imaging of tumor blood ves- 
sels, this multi-fluorescent technique offers an ap- 
proach to elucidate the roles that these cells play in 
controlling angiogenesis, tumor microcirculation, 
metastasis and anti-tumor immune responses. 

For in-vivo labeling of circulating cells, such as 
leukocytes or platelets, several fluorochromes have 
been proposed. Especially fluorescent DNA mark- 
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ers like Rhodamine 6G and Acridine Orange rep- 
resent useful tools for this purpose (Menger et al. 
1991). Additionally, in order to prevent artifacts 
due to phototoxicity or interference of the fluo- 
rescent tracer with cellular metabolism, intravi- 
tal microscopic set-ups and protocols have been 
standardized and optimized (Saetzler et al. 1997). 
Using these techniques, a detailed analysis of leu- 
kocyte-endothelium interactions has been per- 
formed in experimental set-ups for inflammation 
and ischemia/reperfusion. In this context, intravi- 
tal microscopic analyses have revealed the multi- 
step nature of leukocyte-endothelium interactions 
and their implications for leukocyte recruitment 
from the microvasculature to the interstitium: 
fast-moving leukocytes in the bloodstream tether 
and roll (“rollers”) on activated endothelium (von 
Andrian et al. 1991), Chemokines and other pro- 
inflammatory mediators released by various cells 
activate rolling leukocytes, resulting in firm ad- 
hesion (“stickers”) (Kunkel et al. 1997; Ley 1994). 
Transmigration across the endothelial barrier may 
then occur after firm leukocyte adhesion (Law- 
rence and Springer 1991). While this multi-step 
process has been proven in various inflammatory 
and ischemia/reperfusion experiments, the signifi- 
cance of leukocyte-endothelium interactions for 
tumor angiogenesis and microcirculation is still 
a matter of controversy. On the one hand, in vivo 
fluorescence microscopic studies showed reduced 
leukocyte-endothelium interactions within tumor 
blood vessels compared with normal control ves- 
sels, indicating immuno-incompetence of the host 
(Fukumura et al. 1995; Jain et al. 1996). This effect 
may be explained by a reduced flux of leukocytes 
in angiogenic vessels or an inability of the new 
endothelium to upregulate the respective adhesion 
molecules. On the other hand, a large number of 
immunohistological studies in both human and ex- 
perimental tumors have clearly shown the presence 
of leukocytes as well as the microvascular expres- 
sion of cell adhesion molecules (Jain et al. 1996; 
Suzuki et al. 1995). Tumor-associated immune/in- 
flammatory cells produce a myriad of pro-angio- 
genic cytokines and growth factors (Rosenkilde 
and Schwartz 2004), that act not only on endothe- 


lial cells but also stimulate migration and attrac- 
tion of leukocytes into the tumor area, potentially 
forming self-perpetuating positive feedback loops 
(Rosenkilde and Schwartz 2004). Therefore, the 
role of leukocyte-endothelium interactions in tu- 
mor angiogenesis and microcirculation needs fur- 
ther exploration, and intravital microscopy should 
be the appropriate tool for those future studies. 

Local tumor cell invasion is a hallmark of the 
diffuse infiltrative growth behavior of many hu- 
man neoplasms (e.g. gliomas, squamous cell car- 
cinoma, breast tumor). A number of experimental 
reports have causally linked tumor cell invasion to 
tumor angiogenesis and microcirculation (Giese 
and Westphal 1996; Skobe et al. 1997). Invading 
tumor cells have been shown to be characterized 
by a high affinity to the perivascular basal mem- 
brane, suggesting that vessels growing from the 
host tissue towards the tumor might provide a 
trail for local tumor dissemination via the peri- 
vascular space (Giese and Westphal 1996). In order 
to investigate the detailed mechanisms underly- 
ing this relationship, fluorescently labeled glioma 
spheroids, instead of tumor cell suspensions, can 
be implanted into both the dorsal skinfold cham- 
ber and the cranial window. Via intravital micros- 
copy a direct and repetitive evaluation of tumor 
cell migration in vivo can be performed, offering 
an approach for concurrent visualization of the 
dynamics of tumor cell spread and tumor angio- 
genesis. This unique technique will enable fu- 
ture studies to elucidate the association between 
tumor cell invasion and angiogenesis (Vajkoczy 
et al. 1999a), 

In the light of rapidly evolving stem cell re- 
search, the investigation of the specific function of 
endothelial progenitor cell biology in the field of 
tumor angiogenesis has become of special interest. 
Intravital microscopy displays a versatile method 
to elucidate this complex biological issue. Using 
murine embryonic endothelial progenitor cells, 
the multi-step process of endothelial progenitor 
cell homing and incorporation into functional 
tumor blood vessels has been recently defined 
(Vajkoczy et al. 2003). High temporal and spatial 
resolution of intravital microscopy has contrib- 
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uted to the successful visualization of the homing 
process of circulating endothelial progenitor cells 
to the tumor microvasculature, followed by tran- 
sendothelial migration into the interstitial space 
and incorporation into a functional microvascu- 
lature (Vajkoczy et al. 2003). As endothelial pro- 
genitor cells contribute to tumor angiogenesis and 
vessel formation in vivo, the exact role of endothe- 
lial progenitor cell biology in tumor angiogenesis 
remains unclear and needs further investigation. 
Using intravital microscopic techniques, upcom- 
ing questions on this topic may be answered in fu- 
ture studies. 


Tumor Metabolism 


The regulation of tissue metabolism and homeo- 
stasis is the ultimate goal of tumor angiogenesis 
and microcirculation. Over the years, major indi- 
cators reflecting the metabolic status of a tumor, 
such as oxygenation, mitochondrial redox state, pH, 
and oxidative stress, have become amenable to in- 
travital fluorescence videomicroscopy by applying 
advanced signal detection techniques. Accordingly, 
the assessment of intracellular NADH fluorescence 
allows for quantification of the mitochondrial re- 
dox state, which represents an indicator of cellular 
oxygen in the presence of sufficient substrate and 
phosphate (Chance et al. 1962; Volimar et al. 1997a). 
Furthermore, oxygenation can be assessed noninva- 
sively within intra- and extravascular areas using 
the phosphorescence decay technique with palla- 
dium-porphyrins bound to albumin as an in vivo 
indicator (Torres Filho and Intaglietta 1993). Also 
quantitative pH measurement within tumor tissue 
can be realized by intravital fluorescence ratio im- 
aging microscopy using BCECF as a H*-sensitive 
fluorochrome (Helmlinger et al. 1997). Finally, the 
formation of reactive oxygen species has been vi- 
sualized with in vivo microscopic techniques using 
hydroperoxide-sensitive fluorescent probes that are 
trapped within viable cells (Suematsu et al. 1993). 


Intravital Laser Scanning 
Confocal Microscopy 


One drawback of intravital epifluorescence micros- 
copy is its limitation of the penetration depth to 
100 pm, together with a sometimes impaired visu- 
alization with low-contrast images due to a con- 
tamination of light from out-of-focus optical planes. 
One way to overcome this limitation is the extension 
of laser scanning confocal microscopy to intravital 
applications. Laser scanning confocal microscopy 
enables the investigator to obtain systematically 2D 
images from different depths in the specimen with 
high contrast and clarity (Wallen et al. 1988). In 
this way, for example, the relationship and distribu- 
tion of microglia, astrocytes and vasculature within 
the brain could be demonstrated (Dailey and Waite 
1999). Additionally, the application of laser scan- 
ning confocal microscopy provides the opportunity 
to generate 3D images of the sample (Jiang et al. 
2005). Regarding tumor angiogenesis it allows the 
description of the 3D architecture of tumor vessels, 
including their relationship to tumor cells and other 
tissue structures (Jiang et al. 2005). In combination 
with a versatile fluorescent labeling strategy, laser 
scanning confocal microscopy has multiple advan- 
tages over epifluorescence microscopy. It represents 
a multi-fluorescent approach generating exceptional 
multiprobe imaging of samples, due to a large vari- 
ety of excitation wave lengths ona single microscope 
set-up (Wright et al. 1989). Furthermore, a subcel- 
lular resolution can be achieved for a rather large 
area of interest. Additionally, the optical sectioning 
capabilities coupled with the ability to record mul- 
tiple focus stacks make it possible to reconstruct 
3D images (Amos and White 2003). In this context 
it should be noted that the possibility of time-lapse 
laser scanning confocal microscopy offers the capa- 
bility of providing information about the dynamics 
of cellular morphological changes, cellular locomo- 
tion or extravasation of circulating macromolecules 
(Fig. 31.2) (O'Rourke and Fraser 1990). 

As a consequence, laser scanning confocal mi- 
croscopy represents a valuable complementary 
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Fig. 31.2, Three-dimensional reconstructions of time-lapse laser confocal fluorescence microscopy of tumor microvascu- 
lature revealing extravasation of fluorescently labeled albumin (red) into the interstitial space. Tumor cells (green) demon- 


strate partial uptake of extravasated albumin 


technique for the intravital microscopic assess- 
ment of tumor microcirculation. While epifluores- 
cence techniques will remain the gold standard for 
the study of the dynamics of tumor perfusion and 
tumor microcirculation, intravital laser scanning 
confocal microscopy has advanced to the technique 
of choice when multiple cellular players are to be 
studied simultaneously and 3D reconstructions of 
the vascular compartment are of interest. Intravital 
laser scanning confocal microscopy may therefore 
lead to further insights into the complex mecha- 
nisms of tumor angiogenesis and may contribute to 
the design and validation of future anti-angiogenic 
treatments. 


Role of Intravital Microscopy for 
Anti-angiogenic Therapy 


The tumor microcirculation is of special interest 
in the light of evolving novel therapeutic modali- 
ties that aim at interfering with tumor angiogen- 
esis and microcirculation, such as anti-angiogenic 
and anti-vascular drug therapy as well as vascular 
targeting strategies, For a large variety of tumors, 
microvessel density has been described to be an in- 
dependent prognostic factor for survival (Weidner 


and Folkman 1996). However, simply focusing on 
vessel density as the sole parameter when evaluat- 
ing the efficacy of anti-angiogenic and anti-vascu- 
lar strategies does not fully respect the complexity 
of potential microcirculatory and microhemody- 
namic changes that may occur within the treated 
tumor microvascular system. For example, specific 
VEGFR-2 inhibition using a small molecule inhibi- 
tor has been demonstrated to result not only in a 
reduction in vessel density but also in a significant 
increase in red blood cell velocity and blood flow 
rate within the remaining blood vessels, partially 
compensating for the successful reduction of func- 
tional vascular density (Vajkoczy et al. 1999b). Thus, 
intravital microscopy represents the most powerful 
tool to analyze these specific alterations in different 
therapy models and may unravel unexpected results 
already at a pre-clinical stage, rather than at the end 
of potentially unsuccessful clinical testing. 

In addition to assessing the consequences of anti- 
angiogenic/anti-vascular therapies on the tumor 
microcirculation alone, intravital microscopy may 
also provide an insight into their consequences for 
nutritional supply and tumor tissue oxygenation. Es- 
pecially the latter has proven to be relevant in order 
to confirm that an individual anti-angiogenic/anti- 
vascular intervention does in fact result in the ex- 
pected tumor hypoxia. Using intravital microscopy 
and the phosphorescence-quenching method in co- 
ordinated fashion, the non-invasive measurement of 
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intravascular as well as interstitial oxygenation can 
be performed in vivo (Kerger et al. 2003). Applying 
this versatile technique in a C6 glioma experiment, 
inhibition of VEGF and PDGF signaling pathways 
resulted in significant tumor vessel regression, lead- 
ing to reduced PO2 and thus hypoxia in the tumor 
interstitium (Erber et al. 2004). 

However, intravital microscopy not only allows 
one to directly visualize the effects of anti-angio- 
genic/anti-vascular therapies, but also helps to de- 
termine their interaction with clinically relevant 
combination therapies. The bioavailability of che- 
motherapeutic drugs critically depends on micro- 
vascular perfusion, microvascular extravasation 
and interstitial transport. Poor tumor perfusion re- 
mains an important obstacle to the successful deliv- 
ery of chemotherapeutic agents. As a consequence, it 
seems contradictory, at first glance, that the efficacy 
of chemotherapeutic strategies may be increased by 
a combination with anti-angiogenic/anti-vascular 
therapies (Hurwitz et al. 2004), Again, intravital mi- 
croscopy has recently assisted better understanding 
of this paradox (Vajkoczy et al. 1999b). As expected, 
anti-angiogenic strategies will reduce tumor ves- 
sel density and overall tumor perfusion. However, 
a certain amount of blood vessels will escape this 
intervention and will allow tumor cells to survive 
within their proximity (Fig. 31.3). As demonstrated 
by intravital microscopy these remaining blood ves- 
sels are characterized by an increased red blood cell 


Fig. 31.3. Schematic 
drawings illustrating 
the consequences of 
anti-angiogenic/anti- 
vascular therapy on the 
tumor microcirculation 
as revealed by intravital 
microscopy. A reduction 
in tumor vessel density 
is accompanied by an 
improved blood flow 
rate in remaining blood 
vessels, with surviving 
tumor cells preferentially 
located within their 
proximity 


prior therapy 


velocity and improved blood flow rate (Fig. 31.3) 
(Vajkoczy et al. 1999b). As a consequence, chemo- 
therapeutic drugs that are administered in combi- 
nation with anti-angiogenic therapies will be deliv- 
ered more efficiently to the viable parts of the tumor 
than they would when given as monotherapy. 


Conclusion 


Intravital microscopy represents a highly sophis- 
ticated experimental technique for the assessment 
of tumor microcirculation. A further refinement 
of this technique will help to observe biological 
processes taking place beyond the microvascular 
and cellular level. The in vivo analysis of processes 
on the molecular level using fluorescent reporter 
genes and bioluminescence will enable future ex- 
periments to shed more light on the biomolecular 
mechanisms underlying the regulation of angiogen- 
esis, microcirculation and tumor growth. Addition- 
ally, the application of in vivo laser confocal fluores- 
cence microscopy will generate new insights into the 
relationship and interactions of tumor cell invasion, 
microvasculature and extracellular matrix. Finally, 
intravital microscopy not only represents a versatile 
tool to study tumor vascular biology, but also al- 
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lows evaluation of anti-angiogenic therapies in more 
detail at a pre-clinical stage, thereby providing a 
methodological bridge from experimental in vivo 
validation to successful clinical application. 
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Abstract 


Blood vessels of tumors have multiple cellu- 
lar abnormalities that impair blood flow and 
drug delivery but provide targets for novel 
therapeutics. These abnormalities involve all 
components of the vessel wall, including endo- 
thelial cells, pericytes, and vascular basement 
membrane. Endothelial cells of tumor vessels 
have abnormal gene expression, are dynamic, 
and undergo sprouting, proliferation, and re- 
gression. The endothelial cells have a defective 
barrier function, are leaky, and may depend on 
vascular endothelial growth factor (VEGF) for 
survival. Pericytes of tumor vessels lack the 
normally intimate association with endothe- 
lial cells, and the surrounding basement mem- 
brane has redundant loose layers that reflect 
continual remodeling of the vasculature. Stud- 
ies of the cellular actions of VEGF inhibitors on 
mouse models of spontaneous and implanted 
tumors have shown rapid, robust changes in 
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tumor vessels. Strikingly, in some tumors, 
within 24 h, endothelial fenestrations disap- 
pear, vascular sprouting is suppressed, blood 
flow ceases, and patency is lost in many vessels. 
As many as 80% of tumor vessels may regress 
within 7 days. Similarly, normal blood vessels 
with abundant endothelial fenestrations, as 
in the gastrointestinal tract, kidney, and en- 
docrine organs, may be sensitive to VEGF in- 
hibitors. Surviving tumor vessels acquire more 
normal features, including uniform caliber, 
diminished branching, reduced VEGFR-2 ex- 
pression, and tighter pericyte coverage. Empty 
sleeves of vascular basement membrane, left be- 
hind after endothelial cells degenerate, provide 
a record of pretreatment vessel number and a 
scaffold for vascular regrowth after cessation 
of therapy. Normalization of surviving tumor 
vessels may improve local hemodynamics and 
perivascular delivery of oxygen, nutrients, and 
therapeutics, despite reduced angiogenesis and 
tumor vascularity. 
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Introduction 


Angiogenesis inhibitors as anti-cancer drugs have 
been widely examined in animal studies, and are now 
in clinical use. Yet their biology is still being eluci- 
dated, and more work is needed to understand their 
effects on the structure and function of the component 
cells that constitute the microvasculature in tumors 
and in normal tissues (Folkman 2003a, 2003b; Car- 
meliet 2005). One recent realization is that although 
tumor blood vessels are abnormal, and in many ways 
unique, they share some features with quiescent 
blood vessels and some with blood vessels in other 
angiogenic contexts. Much effort has been devoted 
to characterize precisely the differences between tu- 
mor blood vessels and normal blood vessels, with the 
goal of developing ‘magic bullet’ therapeutics that 
can selectively target tumor vessels. The original 
concept of blocking the growth of tumor blood ves- 
sels with inhibitors of angiogenesis has recently been 
broadened by the recognition that these agents do 
more than inhibit angiogenesis. Indeed, these agents 
can destroy some existing tumor vessels and nor- 
malize the surviving tumor vessels (Jain 2001, 2005; 
Inai et al. 2004). Existing tumor vessels can also be 
destroyed by vascular disrupting agents (Tozer et al. 
2005; Siemann et al. 2005; Gaya and Rustin 2005). 
Despite convincing evidence that tumor growth is 
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angiogenesis-dependent, and that attacking the 
blood supply may stop tumor growth or induce tu- 
mor regression, knowledge of the abnormalities of 
tumor blood vessels is still incomplete. The goal of 
this chapter is to review the cellular abnormalities of 
tumor blood vessels and their relation to the actions 
of angiogenesis inhibitors. 


Structure of Normal Blood Vessels 


32.2.1 
Hierarchy of Microvascular Segments 


Normal blood vessels have a highly orderly archi- 
tecture with distinct vascular segments composed of 
endothelial cells, mural cells (pericytes or smooth 
muscle cells), and basement membrane. Each organ 
has a stereotyped hierarchical arrangement of arter- 
ies, arterioles, capillaries, postcapillary venules, col- 
lecting venules, and veins (Fig. 32.1A). The overall 
architecture and the specialized cellular properties 
of each vascular segment are so well matched to the 
needs of the organ that the identity of the organ can 
be deduced from the architecture of the vasculature 


alone. Individual segments of the microvasculature 
are specialized for functional needs: arterioles and 
precapillary sphincters control vascular caliber and 
thereby resistance and blood flow, capillaries are spe- 
cialized for exchange of nutrients, while postcapillary 
venules are the predominant sites for plasma extrava- 
sation and leukocyte emigration during inflamma- 
tion (Michel and Curry 1999). 


32.2.2 
Endothelial Cells 


Endothelial cells of normal arterioles, capillaries, and 
venules each have a characteristic size, shape and 
phenotype adapted to their function. They form a 
monolayer with well-joined cell borders (Hashizume 
et al. 2000) (Fig. 32.1B). Endothelial cell division oc- 
curs rarely in normal blood vessels of most adult 
tissues and organs. However, there are notable ex- 
ceptions: normal physiological cycles of growth and 
regression occur in the female reproductive organs 
(Augustin 2005) and during hair growth (Augustin 
2005; Yano et al. 2003), and in pathological events 
such as wound healing. Consequently, such dynamic 
blood vessels may be susceptible to angiogenesis in- 
hibitors (McCarty and Ellis 2002). 


32.2.3 
Pericytes 


Pericytes are mural cells in the microvasculature 
that are embedded within the vascular basement 
membrane. Like smooth muscle cells, pericytes 
are of mesenchymal origin. While they share some 
features with smooth muscle cells, pericytes have 
a greater structural diversity (Sims 2000; Allt and 
Lawrenson 2001). Pericytes typically have a cell body 
with cytoplasmic processes with intimate connec- 
tions with the abluminal endothelial cell surface 
(Fig. 32.1C). Pericytes on capillaries are long and 
slender and oriented along the length of the vessel 
but cover little of its surface area, while those on 
venules have multiple branching processes and cover 
more of the vessel surface (Fig. 32.1A,D). Pericytes 
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communicate with endothelial cells both through 
direct cell contacts and through paracrine signal- 
ing (Hirschi and d’Amore 1996). In addition, the cy- 
toplasmic processes from one pericyte can contact 
multiple endothelial cells and even multiple capil- 
laries. This feature may integrate signals along the 
length of the vessel. Pericytes have diverse functions 
(Sims 2000; Allt and Lawrenson 2001; Betsholtz et 
al. 2005), including stabilization of endothelial cells; 
regulation of vascular caliber; control of endothe- 
lial permeability, sprouting, proliferation, survival, 
migration, and maturation (Hirschi and d’Amore 
1996; Gerhardt and Betsholtz 2003). Pericytes may 
also influence the extravasation of tumor cells (Xian 
et al. 2006). Recent studies have highlighted the im- 
portance of the interactions between pericytes and 
endothelial cells and have shown that disruption of 
these intimate interactions leads to severe impair- 
ments of the vasculature (Betsholtz et al. 2005; Ar- 
mulik et al. 2005). 


32.2.4 
Basement Membrane 


The abluminal or basal surface of endothelial cells 
is covered by a thin sleeve of basement membrane 
(Fig. 32.1E) , which reflects the polarity of endothelial 
cells. However, the vascular basement membrane is 
unusually rich in type IV collagen and differs in mo- 
lecular composition from that of epithelial cells and 
most epithelial-derived tumor cells (Kalluri 2003). 
Vascular basement membrane of normal blood ves- 
sels observed by transmission electron microscopy 
is a uniform, well-defined layer coating the entire 
endothelial surface. Even in angiogenic blood vessels 
of growing muscle or mesentery, the basement mem- 
brane is intact on remodeling endothelial cells and is 
only absent by ultrastructural criteria at the extreme 
tips of filopodia (Sting] and Rhodin 1994; Rhodin and 
Fujita 1989). Both pericytes and endothelial cells con- 
tribute to the synthesis of the basement membrane. 
The vascular basement membrane is a storage site 
for growth factors and some of its components are a 
source of angiogenesis inhibitors formed by proteo- 
lytic cleavage (Kalluri 2003; Sund et al. 2004). 
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Fig. 32.1A-E. Structure of normal blood vessels. A Scanning electron micrograph showing hierarchy of normal blood 
vessels in rat dorsal skin organized as a well-ordered network of characteristic arterioles, capillaries and venules. Con- 
nective tissue elements have been removed by hydrolytic digestion to reveal smooth muscle cells and pericytes (pink) and 
endothelial cells. B Scanning electron micrograph of smooth luminal surface and borders (arrows) of normal endothelial 
cells of venule. C Pericyte (pink) with long process (arrow) on capillary, D Confocal image of normal blood vessels in 
mouse trachea. Periendothelial cells (smooth muscle cells and pericytes, red) are closely associated with endothelial 
cells (green) in capillaries and arterioles. E Transmission electron micrograph of normal venule. Pericyte (arrow) and 
basement membrane (arrowheads) are closely associated with an endothelial cell (from Baluk et al. 2004). Scale bar: A 
20 pm; B, C 10 um; D 70 pm; E 3 um 


Abnormalities of Tumor Blood Vessels 


32.3.1 
Irregular Shape and 
Abnormal Hierarchical Arrangement 


Tumor blood vessels have structural and functional 
abnormalities in all of their components (Baluk et al. 
2005). Architecturally, tumor vessels are irregularly 
shaped, tortuous, and lack the normal hierarchy of 
arterioles, capillaries, and venules. By implication, 
proper control of vasomotion, nutrient exchange, 
and extravasation of fluid and cells is also dis- 
rupted. Nevertheless, each type of tumor appears 
to have its own characteristic vascular abnormali- 
ties in terms of vessel number, branching, and size 
(Konerding et al. 1995; Tozer et al. 2005). A well- 
documented feature of many subcutaneously im- 
planted tumors is a high density of vessels at the 
rapidly growing rim, and fewer vessels in the core 
(Dvorak et al. 1988). Regions of necrosis that have 
no vessels may be scattered in the tumor interior. In 
some implanted tumors, tumor cells grow as cylin- 
ders approximately 100-150 ym in radius around 
blood vessels (Hashizume et al. 2000), beyond which 
the tumor is necrotic. Spontaneous tumors tend to 
have more uniformly distributed vessels than im- 
planted tumors, less necrosis, and their vessels have 
some features of those in their tissue of origin. For 
example, blood vessels in pancreatic islet tumors in 
RIP-Tag2 transgenic mice have endothelial fenestra- 
tions like the capillaries of normal pancreatic islets 
(Hashizume et al. 2000). 


32.3.2 
Sprouting 


Tumor blood vessels are dynamic. They undergo 
continual growth, remodeling, or regression, and 
endothelial sprouts are a common feature in tu- 
mors (Fig. 32.2A,B). Endothelial sprouts have been 
carefully studied in growing blood vessels in the 
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developing mesentery and retina (Rhodin and Fu- 
jita 1989; Gerhardt et al. 2003), where they consist 
of two types of specialized endothelial cells. The 
endothelial cells at the migrating tip of the sprout 
have long motile cellular projections termed filo- 
podia. Filopodia are believed to detect gradients of 
growth factors such as vascular endothelial growth 
factor (VEGF) in a manner resembling axonal 
growth cones. They appear to sense the local gradi- 
ent of growth factor and determine the direction of 
growth, whereas the endothelial stalk cells located 
just behind the tip undergo cell division and form 
a lumen (Gerhardt et al. 2003). Both processes are 
regulated by the distribution of VEGF and its recep- 
tors, with tip cell migration depending on the local 
gradient of VEGF, and proliferation of endothelial 
stalk cells being regulated by the concentration of 
VEGF. The precise cellular architecture of vascu- 
lar sprouts may differ in tumors where filopodia 
form not only at the tips of growing vessels but 
also along the surface of tumor vessels (Fig. 32.2B). 
Imbalances between the formation of filopodia on 
tip cells and division of stalk cells and the distribu- 
tion of VEGF and its receptors may contribute to the 
abnormal vascular patterns in tumors (Gerhardt 
and Betsholtz 2005). 


32.3.3 
Defective Blood Flow, Barrier Function, and 
Plasma Leakage 


Leakiness is one of the abnormalities of tumor ves- 
sels that influences not only angiogenesis, tumor 
growth, and metastasis, but also drug delivery, and 
presents novel targets for anti-cancer therapy. The 
endothelial cells of tumor vessels form a defec- 
tive barrier because of widened intercellular gaps, 
holes, and pores and multiple layers of disorga- 
nized, loosely connected, branched, overlapping, or 
sprouting endothelial cells (Hashizume et al. 2000) 
(Fig. 32.2A-C). Tumor blood vessels are an order of 
magnitude more leaky than normal blood vessels: 
the pore cutoff size is measured in hundreds, rather 
than in tens, of nanometers (Hobbs et al. 1998). The 
magnitude of leakage, which varies greatly among 
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different tumor types, is governed by hydrostatic 
driving forces as well as vascular surface area and 
permeability. VEGF-dependent ovarian tumors can 
produce huge amounts of ascites in mice and in 
humans (Hu et al. 2005), although this may not be 
due exclusively to leaky tumor vessels. The extrava- 
sation of proteins from tumor vessels is spatially and 
temporally heterogeneous and is actually less than 
might be predicted from the pore size (Hobbs et 
al. 1998). An abnormally small hydrostatic gradient 
across the vessel wall results from high interstitial 
pressure within tumors and reduces the driving 
force for convective movement. The high intersti- 
tial pressure in tumors is a consequence of leakage 
from the blood vessels coupled with an impaired 
fluid clearance through lymphatic vessels, and per- 
haps other factors (McDonald and Baluk 2002). One 
consequence of leakage from tumor vessels is the 
extravasation of fibrinogen and its conversion to 
deposits of fibrin in the tumor stroma (Brown et al. 
1988; Nakahara et al. 2006). Blood vessels in tumors 
may also be prone to hemorrhage. 

The leakiness of tumor vessels shows promise 
in clinical practice as a surrogate marker for esti- 
mating the aggressiveness or grade of tumors by 
using non-invasive approaches including dynamic 
contrast-enhanced magnetic resonance imaging 
(DCE-MRI). When available for clinical use, mac- 
romolecular tracers such as albumin-gadolinium 
complexes or super-paramagnetic iron oxide par- 
ticles will make DCE-MRI even more powerful 
(Daldrup-Link et al. 2006). 

Endothelial cells of blood vessels in many types 
of tumor, like those of normal endocrine organs, 
gastrointestinal mucosa, choroid plexus, and cho- 
riocapillaris, have regularly arranged fenestrae, ap- 
proximately 100 nm in diameter, usually covered by 
a thin diaphragm. Such fenestrations are involved 
in fluid and perhaps solute transport and are now 
believed to be dynamic rather than static structures. 
Capillaries of kidney glomeruli have abundant fen- 
estrations that lack diaphragms. VEGF appears to 
be responsible for the induction and/or maintenance 
of endothelial fenestrations in normal blood vessels 
and in vessels at sites of pathology, including tumors 
(Roberts and Palade 1995, 1997; Esser et al. 1998). 


Inhibition of VEGF signaling results in the reduc- 
tion or disappearance of endothelial fenestrations 
(Inai et al. 2004; Kamba et al. 2006). 


32.3.4 
Differential Gene Expression 


Given the importance of angiogenesis for tumor 
growth, one strategy in the development of angio- 
genesis inhibitors has been the search for molecules 
that are differentially or exclusively expressed in 
angiogenic endothelial cells. Such molecules could 
be used to target tumor blood vessels, alone or con- 
jugated to toxins, antibodies, or inhibitory mol- 
ecules. Although theoretically attractive, a limita- 
tion of such an approach in practice is that many 
genes upregulated in tumor endothelial cells are also 
expressed in endothelial cells of normal organs or 
sites of angiogenesis in healing wounds or female 
reproductive organs. Molecules that are exclusively 
expressed in tumor blood vessels have proven dif- 
ficult to find. 

Several strategies have been used to hunt for spe- 
cialized tumor vessel phenotypes. In one approach, 
clues from biochemical studies or in vitro models of 
angiogenesis have been extended to tumors grown 
in situ. These studies have elucidated specific cell- 
surface receptors, integrins, and cell-junctional 
molecules as candidate targets for angiogenesis in- 
hibitors and as diagnostic markers for novel imag- 
ing techniques. Receptors for VEGF are abundant 
on angiogenic endothelial cells and may partially 
account for the action of certain receptor tyrosine 
kinase (RTK) inhibitors on tumor vessels. Several 
integrins, including ovB3, ovB5, 0481, and o51, 
are overexpressed in tumor blood vessels (Eliceiri 
and Cheresh 2000; Jin and Varner 2004; Hwang and 
Varner 2004; Stupack and Cheresh 2004; Parsons- 
Wingerter et al. 2005; Magnussen et al. 2005; Garmy- 
Susini et al. 2005) (Fig. 32.2D). The role of av integ- 
rins in angiogenesis is somewhat paradoxical, since 
mice deficient in B3 or $5 integrin exhibit extensive 
angiogenesis (Hynes 2002). Nevertheless, antibody 
and peptide inhibitors of integrins are currently 
in clinical trials for cancer (Jin and Varner 2004; 


Hwang and Varner 2004). VEGF overexpression 
appears to weaken or open cell junctions in tumor 
vessels, which have been suggested to contribute to 
vessel leakiness and tumor metastasis (Corada et al. 
2002; Weis and Cheresh 2005). Cell-junctional mol- 
ecules are other potential targets for anti-angiogenic 
drugs, and antibodies to VE-cadherin and JAM-C 
inhibit angiogenesis and tumor growth (Corada et 
al. 2002, May et al. 2005; Lamagna et al. 2005; Caval- 
laro et al. 2005; Vincent et al. 2005). 

Systematic approaches have identified proteins 
overexpressed on tumor vasculature. In vivo phage 
display methodology has led to the concept of spe- 
cific molecular “vascular ZIP codes” (Pasqualini 
et al, 2002) and the identification, for example, of 
aminopeptidases A and N (CD13) as potential tar- 
gets on tumor blood vessels (Pasqualini et al. 2000; 
Marchio et al. 2004; Hajitou et al. 2006). Serial anal- 
ysis of gene expression (SAGE) has led to the identifi- 
cation of 46 novel human “tumor endothelial mark- 
ers” (TEM) and corresponding mouse homologues 
(St. Croix et al. 2000; Nanda and St. Croix 2004). 
Some of these markers expressed on the endothelial 
cell surface may be useful for targeting angiogenesis 
inhibitors (Nanda and St. Croix 2004). 


32.3.5 
Pericyte Abnormalities 


Some early studies reported that pericytes were 
sparse or absent from tumor vessels, but more re- 
cent studies using multiple immunohistochemical 
markers have shown that pericytes are present but 
abnormal (Morikawa et al. 2002). Most pericytes in 
tumors lack the normally intimate association with 
endothelial cells. Cytoplasmic processes of pericytes 
may extend into the tumor parenchyma (Fig. 32.2F). 
Pericytes may even be more abundant in tumors 
than in normal organs, but may be difficult to de- 
tect because of abnormalities in marker expres- 
sion (Morikawa et al. 2002; Bergers and Song 2005; 
Abramsson et al. 2003). Despite their abnormalities, 
pericytes may play an important role in vessel stabil- 
ity in tumors (Pietras et al. 2001; Bergers et al. 2003; 
Uehara et al. 2003; Erber et al. 2004). 
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32.3.6 
Defective Basement Membrane 


The basement membrane of tumor vessels is defec- 
tive in both composition and structure, with mul- 
tiple layers only loosely associated with endothelial 
cells and pericytes, and broad extensions projecting 
away from the vessel (Baluk et al. 2003) (Fig. 32.2E). 
Angiogenesis inhibitors can stop the growth of tu- 
mor vessels and prune some existing vessels, but 
the loss of endothelial cells does not necessarily re- 
sult in corresponding loss of surrounding basement 
membrane. Empty sleeves of basement membrane 
can provide a scaffold for rapid regrowth of tumors 
vessels after treatment ends (Mancuso et al. 2006). 
Rapid vascular regrowth reflects the potent drive 
for angiogenesis in tumors and illustrates how the 
bizarre microenvironment in tumors provides chal- 
lenges for complete and irreversible destruction of 
tumor vessels. 


Cellular Effects of Angiogenesis Inhibitors 
on Tumor Blood Vessels 


The mechanism of action of anti-angiogenic agents 
is still not well understood at the cellular level. In 
the past their effects were assessed mainly by mea- 
suring tumor growth. More recently, some progress 
has been made by examining the effects of angio- 
genesis inhibitors on tumor blood vessels in animal 
models and in cancer patients. It has often been dif- 
ficult to distinguish cause and effect and to identify 
meaningful readouts (Tozer 2003). Additionally, as 
many of the approaches are technically challeng- 
ing, much effort has been devoted to finding suit- 
able surrogate markers of anti-angiogenic effects. 
In view of the expanding range of angiogenesis in- 
hibitors, different agents are unlikely to have the 
same cellular actions. Also, angiogenesis inhibitors 
have multiple effects that do not all have the same 
therapeuticrelevance. VEGF inhibitors may influence 
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Fig, 32.2A-F. Structural abnormalities of tumor blood vessels. A Scanning electron micrograph of a blood vessel in a RIP- 
Tag2 tumor made visible by hydrolytic removal of connective tissue matrix. Intravascular erythrocytes are visible through 
the thin blood vessel wall (arrows). Cellular processes from a pericyte are loosely associated with the vessel. B Enlargement 
shows endothelial cell filopodia (arrows) and fenestrations (arrowheads). C Scanning electron micrograph of luminal aspect 
of a defective endothelial cell lining of blood vessel in a MCa-IV tumor (from Hashizume et al. 2000). D Overexpression 
of &5ß1 integrin on blood vessels in tumor (arrows) in RIP-Tag2 mouse (from Magnussen et al. 2005). E Transmission 
electron micrograph of blood vessel wall in RIP-Tag2 tumor showing multiple layers of basement membrane (arrows) and 
extravasated erythrocyte (RBC) (from Baluk et al. 2003). F Confocal microscopic image of abnormal pericytes (red) loosely 
associated with endothelial cells (green) of blood vessel in a MCa-IV tumor (from Morikawa et al. 2002). Scale bar: A 12 um, 
B 5 um, C 40 um, D 500 um, E2pm, F 20 pm 


endothelial cell survival, migration, growth, plasma 
leakage, blood flow and recruitment of leukocytes 
and stem cells. Proximal events such as vasodila- 
tation may influence distal events such as plasma 
leakage. 

The actions of angiogenesis inhibitors fall into 
three categories: (1) inhibition of the growth of new 
blood vessels from existing vessels; (2) regression 
of tumor vessels; and (3) ‘normalization’ of the phe- 
notype of blood vessels that survive the treatment. 
The factors that determine which of these effects are 
most important are as yet poorly defined. 


32.4.1 
Inhibition of Blood Vessel Growth in Tumors 


32.4.1.1 
Inhibition of Pro-Angiogenic Signaling 


By definition, angiogenesis inhibitors block endo- 
thelial cell sprouting and proliferation. The best 
understood of these inhibitors block the action of 
VEGF by absorbing the ligand by anti-VEGF anti- 
bodies, soluble receptors, or oligonucleotide aptam- 
ers or by inhibiting VEGF receptors by antibodies or 
small-molecule inhibitors of tyrosine kinase phos- 
phorylation. Inhibition of pro-angiogenic signaling 
shifts the balance in favor of endothelial cell apop- 
tosis and regression. 


32.4.1.2 
Endothelial Cell Proliferation 


The vascularity of tumors is controlled by the bal- 
ance of angiogenesis inducers and inhibitors (Iru- 
ela-Arispe and Dvorak 1997). Multiple angiogenic 
factors work together in a coordinated manner to 
induce endothelial cell growth and the formation of 
functional vessels. Many types of tumor cells secrete 
factors that drive endothelial cell proliferation; peri- 
cytes and stromal ceils also make a contribution. 
One approach to inhibiting endothelial cell divi- 
sion is to block the signaling pathways of mitogens 
such as VEGF. Another approach is to stabilize or 
depolymerize microtubules essential for forma- 
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tion of mitotic spindles in dividing cells (Jordan 
and Wilson 2004). Actively proliferating cells in 
which nuclear division is arrested eventually un- 
dergo apoptosis. The synthetic taxanes paclitaxel 
and docetaxel and the naturally occurring Vinca 
alkaloids vinblastine and vincristine are examples 
of agents that block microtubule dynamics and 
thereby act as anti-mitotic agents. Other anti-can- 
cer drugs such as combretastatin appear to exert 
at least part of their effect by causing vascular col- 
lapse by rapidly depolymerizing microtubules in 
endothelial cells (Jordan and Wilson 2004) and by 
interfering with their signaling via endothelial- 
specific VE-cadherin junctional molecules (Vin- 
cent et al. 2005). Anti-mitotic drugs can apparently 
disrupt microtubule dynamics at lower doses in 
endothelial cells than in tumor cells, and can thus 
manifest a selective anti-angiogenic effect (Pas- 
quier et al, 2005). 


32.4.1.3 
Reduction of Vascular Sprouting 


As local VEGF gradients and concentrations influ- 
ence the activities of both the tip and stalk cells of 
endothelial sprouts (Gerhardt and Betsholtz 2003), 
it is perhaps not surprising that many agents that 
interfere with VEGF signaling, e.g. by absorbing 
VEGF or inhibiting VEGF receptor phosphorylation, 
not only inhibit the formation of new endothelial 
sprouts but also cause the regression of existing 
sprouts (Inai et al. 2004). 


32.4.1.4 
Blocking Changes in Extracellular Matrix 


The integrity of tumor blood vessels is influenced 
by the extracellular matrix and other compo- 
nents of the tumor stroma (de Wever and Mareel 
2003). Broad-spectrum matrix metalloproteinase 
inhibitors, although effective in reducing blood 
vessel growth in various animal tumor models, 
have generally been disappointing in clinical tri- 
als (Rundhaug 2005). This may be partially ex- 
plained by matrix metalloproteinases having both 
pro-and anti-angiogenic actions (Rundhaug 2005). 
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Targeting the interface of blood vessels and the sur- 
rounding matrix by inhibiting binding of matrix li- 
gands to endothelial integrins may prove more effec- 
tive (Ruegg et al. 2004, Akalu et al. 2005; Serini et al. 
2006). Inhibition of N-cadherin-mediated junctions 
between endothelial cells and pericytes or between 
adjacent tumor cells is another approach (Erez et 
al. 2004). Macrophages and other inflammatory 
cells in the tumor stroma produce growth factors, 
cytokines, chemokines, and enzymes that regulate 
angiogenesis, invasion, and tumor growth and/or 
metastasis (Balkwill and Coussens 2004; Lewis and 
Pollard 2006). Fibroblasts in tumors are not only 
sources of pro- and anti-angiogenic growth factors 
and cytokines, but also contribute to the composi- 
tion of the extracellular matrix, and can reportedly 
transform into pericytes or myofibroblasts (Kalluri 
and Zeisberg 2006). 


32.4.2 
Regression of Tumor Blood Vessels 


32.4.2.1 
Cessation of Blood Flow, Endothelial Cell Apoptosis, 
and Reduction in Vascular Density 


Angiogenesis inhibitors were originally believed to 
be able to shut down blood flow in tumors. The 
assumption was made that cessation of blood flow 
would lead to endothelial cell death by apoptosis or 
necrosis, vessel regression, and subsequent death of 
tumor cells. Remarkably, vascular disrupting agents 
such as combretastatin and other microtubule-dis- 
rupting agents shut down blood flow in certain 
tumors within minutes (Tozer et al. 2005; Thorpe 
2004). Blood flow in tumors has also been stopped by 
inducing intravascular coagulation by directing tis- 
sue factor to antigenic epitopes selectively expressed 
on tumor blood vessels (Huang et al. 1997). Growth 
factors such as VEGF not only induce the growth of 
new blood vessels, but also regulate endothelial cell 
survival in existing vessels (Folkman 2003c; Saka- 
maki 2004). Removal or blockade of these survival 
molecules by inhibitors of VEGF or bFGF, or with 


endogenous inhibitors thrombospondin-1, end- 
ostatin, angiostatin, and tumstatin, decreases the 
patency of tumor vessels and increases apoptosis 
of endothelial cells (Fig. 32.3A-F) (Inai et al. 2004; 
Sund et al. 2005). 

Inhibition of VEGF signaling can decrease the 
expression of endothelial cell markers in tumor 
vessels (Fig. 32.3G-I) and decrease the vascular 
area density (Fig. 32.4). Cytotoxic chemotherapy 
can also cause endothelial apoptosis that precedes 
death of tumor cells (Folkman 2003c). The direct 
pro-apoptotic effects of cytotoxic chemotherapeu- 
tic drugs on proliferating vascular endothelium 
can contribute to their anti-cancer action. The 
elimination of a population of tumor vessels is one 
of the earliest detectable actions of many angiogen- 
esis inhibitors in vivo and can precede any notice- 
able changes in tumor cells themselves. However, 
caution is needed in interpretation of changes in 
vascular density alone, as the vascularity of a tu- 
mor can increase, decrease, or even stay the same 
during treatment with an angiogenesis inhibitor 
(Hlatky et al. 2002). 


32.4.2.2 
Regression of Pericytes and 
Dual Targeting Therapies 


Until recently, most anti-angiogenic therapies sought 
to target endothelial cells exclusively. Since the rec- 
ognition that pericytes are present on tumor blood 
vessels, several studies have shown that pericytes are 
an important complementary target to endothelial 
cells for anti-angiogenic therapy (Bergers and Song 
2005; Bergers et al. 2003). Numerous studies targeting 
pericytes directly or by inhibitingthe pericyte-depen- 
dent platelet-derived growth factor (PDGF) signaling 
pathway have shown reductions in angiogenesis and 
tumor growth (Hwang et al. 2003; Roberts et al. 2005; 
Ozerdem 2006). In addition, several studies have 
shown greater regression of tumor cells when both 
endothelial cells (VEGF inhibition) and pericytes 
(PDGF inhibition) are targeted than when either cell 
type is targeted alone (Bergers et al. 2003; Erber et 
al. 2004). 
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Fig, 32.3A-I. Regression of tumor vessels after inhibition of VEGF signaling. Most blood vessels in untreated RIP-Tag2 tumor (A, C, 
El have a patent lumen as shown by presence of Lycopersicon esculentum lectin (green) circulating in the bloodstream. Endothelial 
cells are marked by CD31 immunoreactivity (red). In contrast, only 1 day after inhibition of VEGF signaling (B, D, F), many vessels 
are narrowed and lack blood flow, as shown by absence of lectin staining (arrows). G, | Down-regulation of VEGFR-2. Brightness of 
VEGFR-2 immunoreactivity is reduced in blood vessels of RIP-Tag2 tumor after treatment with VEGF inhibitor. G Vehicle-treated 
tumor; H tumor treated with AG-013736 for 7 davs. | Surface plot of VEGFR-2 Huorescence intensity corresponding to panels G and 
H. Decreased vessel number and receptor expression in treated tumor are illustrated by fewer and lower peaks (from Inai et al. 2004). 
Seale bar: A-F 25 um: G, H 80 pm 
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Fig. 32.4A-D. Regression of tumor blood vessels after treatment with inhibitor of VEGF receptors, AG-013736. A, B Confocal micro- 
scopic images showing reduction of overall vascular density in confocal microscopic image of RIP-Tag2 tumor after treatment with 
VEGF receptor inhibitor for 7 davs. A Vehicle-treated tumor; B Inhibitor-treated tumor. Endothelial cells stained for CD31 (green). 
C, D Basement membrane sleeves remain as historical record of eliminated blood vessels. RIP-Tag2 tumor stained for endothelial 
cell marker CD31 (green) and type IV collagen of basement membrane (red), C In vehicle-treated tumor, CD31 and type IV collagen 
immunoreactivities are colocalized in most blood vessels. D In contrast, in tumor treated with VEGF receptor inhibitor tor 7 days, 
blood vessel density is markedly reduced and many narrow empty basement membrane sleeves (red, arrows) remain (from Inai ct al. 
2004). Scale bar: A, B 130um; C.D 50 um 


32.4.3 
Normalization of 
Surviving Tumor Blood Vessels 


32.4.3.1 
Normalization of Endothelial Cells of Tumor Blood 
Vessels 


Theconceptof“normalization” oftumorblood vessels 
by anti-angiogenic drugs was introduced by Rakesh 
Jain as an alternative hypothesis to the view that such 
drugs acted solely by inducing hypoxia (Jain 2001). 
It was proposed that such agents could transiently 
“normalize” the abnormal structure and function 
of tumor vessels so they provide improved blood 
flow and more efficient local delivery of oxygen and 
therapeutic agents to tumor cells, thereby increas- 
ing their sensitivity to radiation and chemotherapy 
(Jain 2005). Inhibition of growth factor signaling 
may have additional consequences, suggested by 
the finding that angiogenic factors are protective 
against radiation damage (Okunieff et al. 1998). 
Anti-angiogenic drugs can also normalize the over- 
all architecture, diameter, pericyte coverage, base- 
ment membrane, and permeability of tumor vessels 
(Jain 2005) (Fig. 32.5). 

The population of blood vessels surviving anti- 
angiogenic treatment resembles normal vessels more 
than conventional tumor vessels. They are straighter, 
more uniform in caliber, and less branched than tu- 
mor vessels (Fig. 32.5A,B). Normalization of tumor 
blood vessels does not simply reflect pruning of 
abnormal vessels to reveal a few previously hidden 
relatively normal vessels. The surviving vessels have 
features different from any vessels present before 
treatment. 

Normalization of tumor vessels may prove ben- 
eficial for anti-cancer therapy. Blockade of VEGFR- 
2 decreases leakiness, increases blood flow, and im- 
proves the delivery of macromolecular therapeutics 
by restoring the gradient in driving force between 
blood vessel lumen and interstitium (Tong et al. 


Cellular Actions of Angiogenesis Inhibitors on Blood Vessels 


2004). Other anti-angiogenic drugs such as TNP-470 
and angiostatin also appear to reduce the perme- 
ability of tumor blood vessels, and this action may 
contribute to their anti-tumor activity (Satchi-Fain- 
aro et al. 2005). 

After inhibition of VEGF signaling, loss of endo- 
thelial fenestrations (Fig. 32.5C,D) (Inai et al. 2004) 
precedes the loss of the blood vessels and could be 
a useful surrogate marker of their sensitivity to 
VEGF inhibitors. Surviving blood vessels of RIP- 
Tag2 tumors treated with anti-VEGF agents have 
reduced expression of VEGFR-2 and VEGFR-3, in 
addition to a more normal caliber (Inai et al. 2004). 
The normalization of endothelial cell surface re- 
ceptors is not an isolated change related to VEGF 
biology, as other endothelial cell surface proteins, 
e.g. &5ß1 integrin, that are overexpressed on tumor 
vessels also decrease to more normal values (Yao 
et al. 2006). 


32.4.3.2 
Normalization of Pericytes, Basement Membrane 
and Extracellular Matrix 


Treatmentwith V EGFinhibitors causes pericytes to be- 
come closely associated with surviving tumor vessels 
in Lewis lung carcinomas, RIP-Tag2 tumors (Inai et 
al. 2004) (Fig. 32.5E,F), and other tumor models (Tong 
et al. 2004; Willett et al. 2004). Further work is needed 
to determine how much of the increase in pericyte 
coverage is due to the preferential pruning of peri- 
cyte-poor vessels (Benjamin et al. 1999) or to the 
recruitment of pericytes to tumor vessels by upreg- 
ulation of PDGF or angiopoietin-1 (Winkler et al. 
2004). 

Inhibition of the factors leading to an abnormal 
tumor stroma may permit a swing in the balance of 
proteolytic and anti-proteolytic processes, such that 
the extracellular matrix becomes more normal in 
structure and function, having reduced matrix pro- 
teases (Miller et al. 2005; Vosseler et al. 2005) and 
fewer immune cells (Balkwill and Coussens 2004; 
van Kempen et al. 2006). 
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vehicle AG-013736 7 days 


Fig. 32.5A-F. Normalization of vascular features in RIP-Tag2 tumor after treatment with VEGF receptor inhibitor AG- 
013736 for 7 days. A, B Confocal images showing normalization of vessel branching and caliber. A In vehicle-treated tumor, 
vessels branch and interconnect in a complicated manner and vary in diameter. B In AG-013736 treated tumor, vessels are 
far fewer in number, have much less branching and have a regular caliber. Endothelial cells stained for CD31 (green). C, D 
Transmission electron micrographs showing normalization of endothelial cell. C In untreated tumor, endothelium is thin 
and fenestrated (arrowheads) and basement membrane has multiple layers (arrows). D In treated tumor, endothelium is 
thicker and lacks fenestrations. Basement membrane consists of a single layer (from Inai et al. 2004). E, F Scanning electron 
micrographs showing normalization of pericyte-endothelial relationships (from Baluk et al. 2005). E In untreated tumor, 
pericyte cell body (arrow) and processes are only loosely associated with endothelial cells. F Pericyte (arrow) is more inti- 
mately associated with endothelium in treated tumor. Scale bar: A, B 20 um; C, D 1 pm; E 10 pm; F 8 ym 


Effects of VEGF Inhibitors on 
Normal Blood Vessels 


Angiogenesis and vascular regression occur not only 
in tumors, but also during the physiological pro- 
cesses of female reproductive and hair growth cycles 
(Fraser 2006; Hoffman 2005) and in pathological 
processes of wound healing (Dvorak 2005), rheuma- 
toid arthritis (Clavel et al. 2003), asthma and other 
chronic inflammatory conditions of the respiratory 
tract (McDonald 2001; Tang et al. 2006), and macular 
degeneration in the eye (Witmer et al. 2003). 

Angiogenesis inhibitors can be a two-edged 
sword. Although they inhibit angiogenesis in dis- 
ease, they can also inhibit desirable forms of an- 
giogenesis (McCarty and Ellis 2002). In general, the 
underlying nature of these various forms of angio- 
genesis and their sensitivity to angiogenic inhibitors 
are poorly understood. 
Furthermore, VEGF inhibitors can modify the base- 
line phenotype and even cause regression of cer- 
tain normal adult blood vessels, where there is no 
evidence of active vessel growth. Examples of such 
effects range from relatively mild to severe: a change 
of vascular phenotype from a fenestrated endothe- 
lium to a non-fenestrated endothelium (Kamba et al. 
2006), or complete cessation of blood flow and elimi- 
nation of blood vessels (Baffert et al. 2006). Different 
vascular beds have varying sensitivity to elimination 
of selected blood vessels by VEGF inhibitors; endo- 
crine organs with fenestrated capillaries are among 
the most sensitive, while most vessels in brain ap- 
pear to be unaffected (Fig. 32.6A-H). The effects of 
VEGF inhibitors on normal vessels resemble those 
on tumor vessels. Fibrin accumulates within vessels 
that have no blood flow (Fig. 32.6I-K). Such effects of 
VEGF inhibitors on sensitive mature normal vessels 
may be best understood in the context of the relative 
importance of VEGF biology in particular organs, 
such as local concentration of VEGF and distribu- 
tion and phosphorylation state of VEGF receptors 
(Maharaj et al. 2006). 

Conventional isoforms of VEGF may not tell the 
whole story. For example, an endogenous splice vari- 
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ant, VEGF165b, has been reported to be anti-angio- 
genic (Woolard et al. 2004). Furthermore, blood ves- 
sels in different organs may be dependent on other 
growth factors. Endocrine gland VEGF (EG-VEGF), 
although unrelated to other members of the VEGF 
family, despite its name, is expressed selectively in 
endocrine glands, where it appears to work in con- 
cert with conventional VEGF to induce fenestrations 
(LeCouter et al. 2001). 

The large, numerous fenestrations without dia- 
phragms in kidney glomerular capillaries are also 
highly dependent on VEGF, and neutralization of 
VEGF or inhibition of VEGF signaling results in 
disappearance of glomerular fenestrations and pro- 
teinuria within hours (Kamba et al. 2006; Sugimoto 
et al. 2003) (Fig. 32.6L,M). Other physiological con- 
sequences of cellular changes induced by angiogen- 
esis inhibitors in normal blood vessels are just be- 
ginning to be investigated systematically (Kamba et 
al. 2006). At the very least, there is a need for better 
understanding of the differences between blood ves- 
sels in tumors and normal organs in their dose-re- 
sponse characteristics to VEGF inhibitors (Betsholtz 
and Armulik 2006). 


Summary 


Tumor blood vessels have multiple abnormalities. 
They are irregularly shaped, tortuous, and lack 
the hierarchical arrangement of normal arterioles, 
capillaries, and venules. Their endothelial cells are 
poorly connected by intercellular junctions, peri- 
cytes are loosely attached, and the vascular base- 
ment membrane has multiple redundant layers. 
Wall defects make tumor vessels leaky to plasma 
proteins and prone to hemorrhage. Tumor vessels 
are dynamic and continually undergo proliferation, 
remodeling, and regression. Sprouting occurs not 
only at the tips of tumor vessels but also in a disorga- 
nized manner along their length. Endothelial cells of 
many tumor vessels require VEGF or other growth 
factors for survival, which makes them sensitive to 
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Fig. 32.6A-M. Effects of VEGF inhibitors on normal blood vessels. A-H Reduction of VEGF-dependent capillaries in organs 
of adult mice 14 days after inhibition of VEGF signaling by systemic treatment with adenoviral delivery of soluble VEGFR-1 
(from Kamba et al. 2006). I-K Intravascular fibrin deposition in non-patent region (arrow) of tracheal capillary 1 dav atter 
treatment with VEGF inhibitor AG-013736 (from Baffert et al. 2006). | Fibrin deposit in capillary that has no blood flow tar- 
row), as show by lack of lectin staining. J Same capillary segment has non-uniform CD31 staining (arrowheads) suggestive 
of early endothelial regression. K Fibrin deposit coincides with region of interrupted CD31 immunoreactivity (arrow). L, M 
Reduction of endothelial fenestrations in kidney glomerular capillaries 14 days alter svstemic treatment with adenovirally 
delivered soluble VEGFR-1 (Ad-sVEGFR-1). L Control virus-treated mouse. M Ad-sVEGER-L-treated mouse. (from Kamba 
et al. 2006). Scale bar: \. B. k. t 50 pum; C. D, G. H 100 um; 1-K 40 um; T. M 0.3 um 


:znibitors of VEGF signaling. Endothelial cells of 
zormal capillaries with endothelial fenestrations, 
which are abundant in endocrine glands, gastroin- 
zestinal tract, and kidney, may also have VEGF as 
2 survival factor. Inhibition of VEGF signaling in 
xumor vessels can stop the growth of new vessels, 
cause regression of existing vessels, and normalize 
surviving vessels. Loss of the vascular lumen and 
zessation of blood flow are followed by endothelial 
zeil apoptosis and regression. Loss of endothelial 
cells may not be accompanied by loss of pericytes 
znd basement membrane, which can thereby pro- 
vide a scaffold for vessel regrowth after anti-VEGF 
therapy is withdrawn. 
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Abstract 


Surpassing several setbacks, the clinical de- 
velopment of antiangiogenic agents has ac- 
celerated remarkably over the past 3-4 years. 
As a result, there are currently three direct 
blockers of the VEGF pathway approved for 
use in cancer, and two others for age-related 
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Introduction 


New blood vessel formation (angiogenesis) is a con- 
dition for continued growth and metastatic spread of 
tumors. Over the past three decades, basic research- 
ers have explored the targeting of antiangiogenic 
pathways asa therapeutic approach to cancer. Unfor- 
tunately, the initial clinical trials for antiangiogenic 
agents yielded disappointing results. This was in 
contrast to the very promising results of antiangio- 
genic drugs in preclinical models of cancer (Garber 
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2002). Recently, however, two approaches blocking 
the vascular endothelial growth factor (VEGF) path- 
way have yielded survival benefit in cancer patients 
in randomized phase III trials. In one approach, 
the addition of bevacizumab, a VEGF-specific anti- 
body, to standard chemotherapy improved overall 
survival in colorectal and lung cancer patients and 
progression-free survival in breast cancer patients. 
In the second approach, multitargeted tyrosine ki- 
nase inhibitors (TKIs) that block VEGF receptor and 
other kinases in both endothelial and cancer cells 
demonstrated survival benefit in gastrointestinal 
stromal tumor and renal cell carcinoma patients. 
By contrast, adding bevacizumab to chemotherapy 
failed to increase survival in patients with previ- 
ously treated and refractory metastatic breast can- 
cer. Furthermore, addition of vatalanib, a kinase 
inhibitor developed as a VEGF receptor-selective 
agent, to chemotherapy did not show a similar ben- 
efit in metastatic colorectal cancer patients. These 
contrasting responses raise critical questions about 
how these agents work and how to combine them op- 
timally. We discuss here the current understanding 
of one of the many potential mechanisms of action 
of antiangiogenic agents - normalization of tumor 
vasculature and microenvironment for improved 
delivery and efficacy of therapeutics. 


Use of Antiangiogenic Agents for 
Cancer Therapy 


Solid tumors account for more than 85% of can- 
cer mortality. Tumor angiogenesis is a rational 
target for therapy given the dependence of solid 
tumor growth and metastasis on blood vessels 
(Carmeliet 2005; Ferrara et al. 2004; Folkman 1971; 
Jain 2005a; Kerbel and Folkman 2002). Strategies 
have been pursued to inhibit neovascularization, 
or destroy existing tumor vessels. These include 
direct targeting of endothelial cells, supporting 
perivascular cells, or indirect targeting by inhibi- 
tion of pro-angiogenic growth factors released by 


cancer cells or certain stromal cells. Unlike multiple 
preclinical studies in mice, no randomized phase 
III trial has demonstrated a survival benefit with 
currently available targeted (e.g., anti-VGEF) anti- 
angiogenic agents used as monotherapy. However, 
the addition of a VEGF-specific antibody, bevaci- 
zumab (Avastin®, Genentech) to current cytotoxic 
regimens led to improved outcomes in previously 
untreated colorectal, breast and lung cancer and in 
previously treated colorectal cancer patients (Hur- 
witz et al, 2004; Sandler et al. 2006). 

In contrast, adding bevacizumab to cytotoxic 

therapy did not enhance survival in previously 
treated breast cancer patients (Miller et al. 2005). 
Moreover, replacing bevacizumab with vatalanib, a 
potent VEGF receptor TKI, in the combined regimen 
did not show similar efficacy in chemo-naive or pre- 
viously treated colorectal cancer patients (Jain et al 
2006). Nevertheless, monotherapy using agents with 
a broader spectrum of inhibitory effect on growth 
factor pathways (i.e., targeting both endothelial and 
cancer cells) has resulted in significant antitumor ac- 
tivity against renal cell cancer andincreased survival 
in gastrointestinal stromal tumors (GIST) (Demetri 
et al. 2006; Escudier et al. 2007; Motzer et al. 2007). 
Finally, several agents that indirectly inhibit angio- 
genesis, such as the epidermal growth factor recep- 
tor (EGFR/HER)-specific antibodies or thalidomide, 
have yielded increased survival in clinical trials and 
are approved by the Food and Drug Administration 
(FDA) in the United States and elsewhere. 
These contrasting results raise important questions 
about the use of antiangiogenic agents. Why has 
anti-VEGF monotherapy not been shown to produce 
increased survival in randomized trials? How can 
tumor vessel destruction by combined anti-VEGF 
treatment - instead of compromising the delivery 
and efficacy of cytotoxic treatment- prolong sur- 
vival in previously treated colorectal cancer pa- 
tients and in chemotherapy-naive colorectal, lung 
and breast cancer patients? Why are agents that 
target both endothelial and cancer cells effective as 
monotherapy? In this chapter, we will summarize 
the knowledge gained from preclinical and clinical 
studies of antiangiogenic agents for cancer therapy 
with emphasis on vascular normalization. 
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Tumor Vascular Normalization: 
A Mechanism of Action of 
Antiangiogenic Agents 


The widely held view is that antiangiogenic thera- 
pies should destroy the tumor vasculature, thereby 
depriving the tumor of oxygen and nutrients. The 
failure of bevacizumab to increase survival in 
heavily treated breast cancer patients was initially 
explained by, first, the highly refractory and ad- 
vanced nature of the tumors in the patients en- 
rolled and second, the increased expression of 
other angiogenic factors during breast cancer pro- 
gression caused by chemotherapy, which rendered 
VEGF less critical for continued tumor growth 
(Miller et al. 2005). These hypotheses were par- 
tially supported by the success of a subsequent trial 
of bevacizumab combined with a different che- 
motherapeutic agent in treatment-naive advanced 
breast cancer patients (Jain et al. 2006). Yet the hy- 
potheses seem to be contradicted by the efficacy of 
bevacizumab with chemotherapy in heavily treated 
colorectal cancer patients. Vatalanib does not con- 
fer the same survival advantage as bevacizumab 
in colorectal cancer patients when combined with 
chemotherapy (Jain et al. 2006). These contrasting 
results raise questions about the mechanisms of 
action of these agents alone and in combination. 
Vascular normalization is a mechanism of action 
that can reconcile the differing outcomes in clini- 
cal trials. 


33.3.1 

Normalization of the Vasculature and 
Microenvironment by 
Antiangiogenic Agents in Tumors 


More than a decade ago, Teicher (1996) proposed 
that combining antiangiogenic therapy with cy- 
totoxic treatments will have synergistic effects 
because it allows targeting of both the malignant 
cell compartment and the vascular stroma. How- 
ever, the destruction of tumor vasculature by an- 


tiangiogenic agents should antagonize chemo- and 
radiotherapy by impeding the delivery of thera- 
peutics and oxygen, respectively. Indeed, a num- 
ber of preclinical studies have demonstrated such 
antagonism (Jain 2005a,b). At the same time, such 
combinations have been successful in a number 
of preclinical and clinical studies. To resolve this 
paradox, we proposed in 2001 that antiangiogenic 
agents can transiently "normalize" tumor vascu- 
lature (Jain 2001). Normalization of tumor vascu- 
lature can be defined as the structural and func- 
tional changes that allow more efficient delivery of 
drugs and oxygen, ultimately leading to improved 
outcomes (Jain 2001). A better understanding of 
the molecular and cellular underpinnings of vas- 
cular normalization may ultimately lead to more 
effective therapies not only for cancer but also for 
diseases with abnormal vasculature (e.g., macular 
degeneration, unstable plaques), as well as regen- 
erative medicine, in which the goal is to create and 
maintain a functionally normal vasculature. 


33.3.2 
Why Normalize the Tumor Vasculature? 


Tumor vasculature is structurally and function- 
ally abnormal. Blood vessels are leaky, tortuous, 
dilated, and saccular and have a haphazard pat- 
tern of interconnection (Fig. 33.1). The endothe- 
lial cells lining these vessels have aberrant mor- 
phology, pericytes (cells that provide support 
for the endothelial cells) are loosely attached 
or absent, and the basement membrane is often 
abnormal - unusually thick at times, entirely 
absent at others (Table 33.1). These structural 
abnormalities contribute to spatial and tem- 
poral heterogeneity in tumor blood flow. In ad- 
dition, solid pressure generated by proliferat- 
ing cancer cells compresses intratumor blood 
and lymphatic vessels, which further impairs 
not only the blood flow but also the lymphatic 
flow (Padera et al. 2004). Collectively, thesevas- 
cular abnormalities lead to an abnormal tumor 
microenvironment characterized by interstitial 
hypertension (elevated hydrostatic pressure out- 
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Fig. 33.1a-d. Proposed role of vessel normalization in the response of tumors to antiangiogenic therapy. a Tumor vascula- 
ture is structurally and functionally abnormal. It is proposed that antiangiogenic therapies initially improve both the struc- 
ture and the function of tumor vessels. However, sustained or aggressive antiangiogenic regimens may eventually prune 
away these vessels, resulting in a vasculature that is both resistant to further treatment and inadequate for the delivery of 
drugs or oxygen. b Dynamics of vascular normalization induced by VEGF-R2 blockade. On the left is a two-photon image 
showing normal blood vessels in skeletal muscle; subsequent images show human colon carcinoma vasculature in mice at 
day 0, day 3, and day 5 after administration of VEGF-R2-specific antibody. c Diagram depicting the concomitant changes 
in pericyte (red) and basement membrane (blue) coverage during vascular normalization. d These phenotypic changes in 
the vasculature may reflect changes in the balance of pro- and antiangiogenic factors in the tissue. Figure obtained with 


permission from (Jain 2005a) 


side the blood vessels), hypoxia, and acidosis. Im- 
paired blood supply and interstitial hypertension 
interfere with the delivery of therapeutics to solid 
tumors. Hypoxia renders tumor cells resistant to 
both radiation and several cytotoxic drugs. In- 
dependent of these effects, hypoxia also induces 
genetic instability and selects for more malignant 
cells with increased metastatic potential (Bottaro 


and Liotta 2003). Hypoxia and low pH also com- 
promise the cytotoxic functions of immune cells 
that infiltrate a tumor. Unfortunately, cancer cells 
are able to survive in this abnormal microenvi- 
ronment. In essence, the abnormal vasculature 
of tumors and the resulting abnormal microen- 
vironment together pose a formidable barrier to 
the delivery and efficacy of cancer therapy. This 
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Table 33.1. Differences between normal vasculature and tumor vasculature 


Normal vasculature Tumor vasculature 


Organized Disorganized 

Evenly distributed Unevenly distributed 
Uniformly shaped Twisted 
Non-permeable Leaky 


Vascular pressure is greater than interstitial pressure 
Properly matured 

Supporting cells present (e.g., pericytes) 
Appropriate membrane protein expression 


Independent of cell survival factors 


Vascular pressure is similar to tumor interstitial pressure 
Immature 

Supporting cells absent 

Inappropriate membrane protein expression 


Dependent on cell survival factors (e.g., VEGF) 


suggests that if we knew how to correct the struc- 
zure and function of tumor vessels, we would have 
2 chance to normalize the tumor microenviron- 
ment and ultimately to improve cancer treatment. 
The fortified tumor vasculature may also inhibit 
the shedding of cancer cells into the circulation 
- a prerequisite for metastasis. In the past, higher 
¿oses of drugs and hyperbaric oxygenation have 
>een used to increase the tumor concentrations 
or drugs and oxygen, respectively. These strate- 
gies have not shown much success in the clinic, 
nowever. One reason for this failure is that tu- 
mor vessels have large holes in their walls (Hobbs 
et al. 1998). As stated earlier, this leakiness leads 
:0 interstitial hypertension as well as spatially and 
temporally nonuniform blood flow. If the delivery 
svstem is flawed, it does not matter how much ma- 
terial is pumped into it. The drugs and oxygen will 
become concentrated in regions that already have 
enough and will still not reach the inaccessible 
regions (Jain 1999). However, if we fix the delivery 
system, more cells are likely to encounter an ef- 
fective concentration of drugs and oxygen. This is 
the rationale for developing therapies that normal- 
ize the tumor vasculature. These therapies do not 
merely increase the delivery of drugs and oxygen 
but distribute these molecules to a larger fraction 
of the tumor cells by fixing the delivery system. 


33.3.3 
How Should One Normalize the 
Tumor Vasculature? 


In normal tissues, the collective action of angio- 
genic stimulators (e.g., VEGF) is counterbalanced 
by the collective action of angiogenic inhibitors 
such as thrombospondin-1 (Fig. 33.1). This balance 
tips in favor of the stimulators in both pathologi- 
cal and physiological angiogenesis (Jain 2005a). 
However, in pathological angiogenesis, the imbal- 
ance persists. Therefore, restoring the balance may 
render the tumor vasculature close to normal. On 
the other hand, tipping this balance in favor of 
inhibitors may lead to vascular regression and, ul- 
timately, to tumor regression. If we had antiangio- 
genic agents that completely destroyed tumor ves- 
sels without harming normal vessels, we would not 
need to add cytotoxic therapy. Unfortunately, such 
agents are not currently available. It is conceivable 
that increased doses of currently available anti- 
angiogenic agents could produce complete tumor 
regression, but such doses are likely to adversely af- 
fect the vasculature of normal tissues, including the 
cardiovascular, endocrine, and nervous systems. 
Indeed, antiangiogenic therapy with agents such as 
bevacizumab is associated with an increased risk of 
arterial thromboembolic events, and such adverse 
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effects could be more pronounced with increased 
doses (Jain et al. 2006). Furthermore, excessive 
vascular regression may be counterproductive be- 
cause it compromises the delivery of drugs and 
oxygen (Figs. 33.1, 33.2). Indeed, suboptimal doses 
or scheduling of antiangiogenic agents might lower 
tumor oxygenation and drug delivery and, thus, 
antagonize rather than augment the response to 
radiotherapy or chemotherapy (Fenton et al. 2004; 
Ma et al. 2001; Murata et al. 1997). This need for a 
delicate balance between normalization and exces- 
sive vascular regression emphasizes the require- 
ment for careful selection of the dose and admin- 
istration schedule for antiangiogenic agents. 


33.3.4 

Can Blocking VEGF Signaling Normalize 
Tumor Vessels? How About Multitargeted 
Antiangiogenic Agents or Indirect Inhibitors 
of Angiogenesis? 


VEGF is overexpressed in the majority of solid tu- 
mors. Thus, if one were to judiciously down-regu- 
late VEGF signaling in tumors, then the vasculature 
might revert back to a more "normal" state. Indeed, 
blockade of VEGF signaling passively prunes the im- 
mature and leaky vessels of transplanted tumors in 
mice and actively remodels the remaining vasculature 


Inadequate 
Inefficient 


More uniform 
Improved 


DRUG DELIVERY Non-uniform 
EFFICACY Limited 


Fig. 33.2. Potential mechanisms of action of bevacizumab on tumor vasculature, Owing to high levels of proangiogenic 
molecules produced locally, such as VEGF, tumors make the transition from in situ carcinoma to frank carcinoma (J). At 
this stage, tumors become hypervascular, but the vessels are leaky and the blood flow is spatially and temporally heteroge- 
neous. This leads to increased interstitial fluid pressure (IFP) and focal hypoxia, creating barriers to delivery and efficacy 
of therapeutics. The proposed mechanism of action of the VEGF-specific antibody bevacizumab is twofold: inhibition of 
new vessel formation and killing of immature tumor vessels (2), and transient normalization of the remaining vasculature 
by decrease in macromolecular permeability (and thus the 1FP) and hypoxia, and improvement of blood perfusion (3). An- 
other effect of bevacizumab may be the direct killing of cancer cells in subsets of tumors in which the cells express VEGF 
receptors. Regardless of the mechanisms involved, monotherapy with bevacizumab is not curative because it cannot kill 
all cancer cells, and in the longer term leads to a vasculature that is inefficient for drug delivery (4), and to tumor relapse 
using alternative pathways for neovascularization. Combinations of bevacizumab with chemotherapeutics have therefore 
been pursued in phase [II trials and have led to a survival benefit in patients with chemosensitive tumors, showing the 
synergistic effect of the two treatment modalities. Synergy may have been achieved as a result of increased cell killing fol- 
lowing tumor vascular normalization: the lowered IFP leads to improved delivery of chemotherapeutics and molecularly 
targeted agents; the improved oxygenation sensitizes cancer cells to cytotoxic therapeutics and reduces the selection of 
more malignant phenotype; and, finally, increased cellular proliferation around normalized vessels might increase the 
cytotoxicity of chemotherapeutics. Normalization of the vasculature might also benefit the direct killing of cancer cells by 
bevacizumab, in synergy with the chemotherapeutics. Of interest, cytotoxic therapeutics may kill proliferating endothelial 
cells, and thus may also normalize the tumor vasculature and improve drug delivery to tumors. Figure adapted with per- 
mission from (Jain et al. 2006) 
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so that it more closely resembles the normal vascula- 
ture (Fig. 33.1). This normalized vasculature is char- 
acterized by less leaky, less dilated, and less tortuous 
vessels with a more normal basement membrane and 
greater coverage by pericytes. These morphological 
changes are accompanied by functional changes - de- 
creased interstitial fluid pressure, increased tumor 
oxygenation, and improved penetration of drugs in 
these tumors (Fig. 33.2 and Table 33.2) (Jain 2005a). 
Normalization of tumor vasculature was reported by 
other groups and our own during treatment of experi- 
mental tumors with FDA-approved drugs such as tha- 
lidomide and trastuzumab (Izumi et al. 2002; Segers 
et al. 2006) as well as with antiangiogenic agents cur- 
rently under clinical development (Table 33.3). 


33.3.5 
What About Human Tumors? 


Thousands of patients worldwide have received 
anti-VEGF therapy. The effect of VEGF blockade 
on human tumors was recently studied in rectal 


carcinoma patients receiving an antibody to VEGF, 
bevacizumab, together with radiation and chemo- 
therapy (Willett et al. 2004, 2005). The results in 
patients mirrored those seen in transplanted tu- 
mors in mice: Two weeks after a single injection of 
bevacizumab alone, the global (mean) blood flow 
of tumors, as measured by contrast-enhanced com- 
puted tomography (CT), decreased by 30-50% in 
six consecutive patients. Tumor microvascular den- 
sity, vascular volume, and interstitial fluid pressure 
were all reduced by VEGF blockade. Surprisingly, 
however, there was no concurrent decrease in the 
uptake of radioactive tracers in tumors, which sug- 
gests that vessels in the residual "normalized" tu- 
mor vasculature were more efficient in delivering 
these agents to tumor parenchyma than they were 
prior to bevacizumab treatment. Similar reductions 
in blood flow, as measured by magnetic resonance 
imaging (MRI), had been noted previously in pa- 
tients treated daily with small-molecule inhibitors 
of VEGF-R tyrosine kinase activity [vatalanib/ 
PTK787 and SU6668 (Morgan et al. 2003; Xiong et 
al. 2004)]. Interestingly, however, positron emission 
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Table 33.2 Tumor vascular normalization by anti- VEGF-R2 antibody DC101 in animals or anti-VEGF antibody bevacizumab in 
patients: comparison of preclinical data from transplanted tumors in mice with clinical data from rectal carcinoma patients 


Preclinical data (Tong et al. 2004; Winkler 
et al. 2004) 


Properties Clinical data (Willett et al. 2004, 2005) 


Control Treatment 


Change 


Control Treatment Change 


Blood volume 19,.342.2 5.4+1.0 -72% 6.8+2.1 5.0+0.9 -26% 
Vascular density 52.144.6 41.9+3.0 -19% 13.0+3.2 6.941.8 -47% 
Permeability (BSA) 7.30.8 2.8+0.8 -62% N/A N/A N/A 
PS product (small mol- N/A N/A N/A 1442 12.943.1 -7.9% 
ecules) 

Interstitial fluid pressure 6.1+1.0 3.1+0.5 -49% 14.0+1.2 4.01.5 -71% 
Perivascular cell cover- 0.67+0.04  0.81+0.04 +21% 9.943.8 17.84£1.5 +80% 
age 

Angiopoietin-2 level 10.4+1.3 2.2+0.5 -79% 0.046+0.002 0.020+0.001 -57% 
Tumor apoptosis 0.86+0.24 2.50+0.31 +190% 1.70.2 3.6£0.7 +112% 
Plasma VEGF level N/D 182.5+135.8 22.548.3 272422.5 +1109% 


N/A, not applicable; N/D, not detectable 
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Antiangiogenic 


agent 


Anti-hVEGF mAb 


(A4.6.1) 


Thalidomide 


Bevacizumab 


Soluble TGFbeta 
receptor type II 


AG013736, VEGF- 


Trap 


DC101 


$U11657 


DC101 


Thalidomide 
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Target/ 
action 


Blocks 
human 
VEGF 


Inhibits 
bFGF and 
VEGF 
expression 


Blocks 
human 
VEGF 


Inhibits 
TGF-beta 
signaling 


VEGF, PIGF 


Blocks 
murine 
VEGF-R2 


Blocks 
VEGF-R1, 
VEGF-R2, 
PDGF-R, 
c-kit, f1t3 


Blocks 
murine 
VEGF-R2 


Inhibits 
bFGF and 
VEGF 
expression 


Other thera- 
peutics 


CPT-11 


X-ray 


Two different 
immuno- 
toxins (SS1P 
and HA22) 


Doxorubicin 


N/A 


N/A 


X-ray peme- 
trexed 


N/A 


cyclophos- 
phamide 


Tumor model 


Mice implanted 
with human 
colon adeno- 
carcinoma 


Mice implanted 
with fibrosar- 
coma 


Mice implanted 
with human 
mesothelioma 
and Burkitt's 
lymphoma 


Mice implanted 
with anaplastic 
thyroid carci- 
noma cells 


Mice with islet- 
cell tumors or 

implanted with 
lung carcinoma 


Mice implanted 
with squamous 
cell carcinoma 


Mice implanted 
with human 
epidermoid 
carcinoma 


Mice implanted 
with squamous 
cell carcinoma 


Mice implanted 
with liver 
tumors 


Results 


Decreased vascular density 
Increased intratumoral CPT- 
11 concentration 

Increased tumor perfusion 


Induced tumor re-oxygen- 
ation 

Lowered IFP 

Increased perfusion 
Vascular remodeling 
Radiosensitization occurred 
in a narrow time window 


Combination treatment pro- 
vided additive anti-tumor 
activity 


Lowered IFP 


Decreased vascular density 
Decreased endothelial fenes- 
trations 

Improved perivascular cell 
coverage 


Decreased vascular density 
Improved perivascular cell 
coverage 

Improved basement mem- 
brane coverage with down- 
regulation of MMP9 and 
MMP13 


Lowered IFP 


Increased aSMA-cell coverage 


Increased the anti-tumoral 
efficacy of doxorubicin 
Reduced intratumoral edema 
Direct radiosensitization of 
endothelial cells 


Decreased vascular density 
Less aggressive phenotype 
Normalized basement mem- 
brane 


Increased pO2 

Increased retention time and 
anti-tumor efficacy of cyclo- 
phosphamide 


Table 33.3. Independent reports consistent with the induction of tumor vascular normalization by antiangiogenic agents 


Reference 


Wildiers et al. 
(2003) 


Ansiaux et al. 
(2005) 


Bang et al. 
(2005) 


Salnikov et al. 
(2005) 


Inai et al. 
(2004) 


Vosseler et al. 
(2005) 


Huber et al. 
(2005) 


Miller et al. 


(2005) 


Segers et al. 
(2006) 
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tomography (PET) analysis of patients treated with 
endostatin, an endogenous inhibitor of angiogen- 
esis, revealed a biphasic response - an increase in 
tumor blood flow at lower doses and a decrease at 
intermediate doses (Herbst et al. 2002). With newer, 
improved imaging techniques, we may be able to 
measure the spatial and temporal changes in blood 
flow and other physiological parameters with higher 
resolution, and definitively establish the effects of 
antiangiogenic treatment on vascular function in 
human tumors growing at different sites. 


33.3.6 
Is There an Optimal Time or 
Drug Dose for Normalization? 


Optimal scheduling of antiangiogenic therapy with 
chemotherapy and/or radiation therapy requires 
knowledge of the time window during which the 
vessels initially become normalized, as well as an 
understanding of how long they remain in that state. 
Recent studies, in which human tumors growing in 
mice were treated with an antibody to VEGF recep- 
tor-2, have identified sucha "normalization window," 
that is, a period during which the addition of ra- 
diation therapy yields the best therapeutic outcome 
(Fig. 33.3) (Winkler et al. 2004). This window was 
short-lived (about 6 days) and was characterized by 
an increase in tumor oxygenation, which enhances 
radiation therapy by increasing the concentration 
of reactive oxygen species created by the radiation. 
During the normalization window, but not before 
or after it, VEGF-R2 blockade was found to increase 
pericyte coverage of vessels in a human brain tumor 
grown in mice. Vessel normalization was accompa- 
nied by upregulation of angiopoietin 1 and activa- 
tion of matrix metalloproteinases (MMPs). The pre- 
vailing hypothesis is that VEGF blockade passively 
prunes nascent vessels that are not covered with 
pericytes. In contrast, this study found that pericyte 
coverage increased prior to vascular pruning. Im- 
proved understanding of the molecular mechanisms 
of vessel normalization may suggest new strategies 
for extending the normalization window to provide 
ample time for cytotoxic therapy. The dose of an- 


tiangiogenic agents also determines the efficacy of 
combination therapy. Although it is tempting to in- 
crease the dose of antiangiogenic agents or to use a 
more potent angiogenic blocker, as one would for 
chemotherapeutic agents, doing so might lead to 
normal-tissue toxicity and compromise the tumor 
vessels to the point that drug delivery is impaired. 
Indeed, renal cell carcinoma patients on a high dose 
of bevacizumab (10 mg per kg of body weight every 2 
weeks) were more likely to develop hypertension and 
proteinuria than those on a low dose, although the 
sample size was too small for comparison of the rates 
of serious adverse events (Yang et al. 2003). Even the 
low dose of bevacizumab (5 mg/kg) given in com- 
bination with chemotherapy has contributed to an 
increased risk of cardiovascular problems, includ- 
ing death, in some cancer patients (Ratner 2004). 
Although no dose comparison has yet been made 
in large clinical trials, it is conceivable that such 
serious adverse events might increase with higher 
doses. In studies of mice, more potent blockers of 
VEGF signaling have induced regression of normal 
tracheal and thyroid vessels (Baffert et al. 2004). 


33.3.7 
Is Tumor Growth Accelerated During Vascular 
Normalization? 


One would expect that the improved delivery of 
oxygen and nutrients during vascular normaliza- 
tion would enhance tumor growth. However, both 
preclinical and clinical studies to date show that, 
despite normalization of the vasculature, tumor 
growth is not accelerated during antiangiogenic 
monotherapy. There are several possible explana- 
tions for this apparent paradox: (1) It is important 
to remember that vascular normalization occurs in 
the context of antiangiogenic treatment and that 
the main effect of this treatment is a reduction in 
the number of blood vessels (vessel density), which 
should lead to tumor regression. Moreover, tumors 
are highly heterogeneous. Not all regions are equally 
vascularized, some tumor vessels are more mature 
than others, and the balance of pro- and antiangio- 
genic molecules differs from region to region and 
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Proposed normalization window 


Dose 


from one moment to the next. Hence, it may be that 
the effects of vessel normalization in some regions 
of the tumor are swamped by simultaneous vessel 
regression in other regions. In addition, the inability 
oftumors to grow new vessels during antiangiogenic 
therapy limits the ability of this transient increase 
in vascular efficiency to expand the tumor mass. If 
it were easy to achieve complete tumor regression 
with antiangiogenic monotherapy, vascular normal- 
ization would be of marginal importance, because 
it is expected to affect only a subset of cells and to 
do so only temporarily. Unfortunately, some tumor 
cells are able to survive antiangiogenic monother- 
apy, and these cells must be targeted with combined 
therapy. (2) The transient normalization of tumor 
vessels produces a temporary increase in oxygen 
and nutrient delivery to the cancer cells that sur- 
round these "normalized" vessels, This might be ex- 
pected to enhance the proliferation of these cells and 
hence to accelerate tumor growth. Indeed, we have 
shown that bevacizumab monotherapy can increase 
cancer-cell proliferation in some rectal cancer pa- 
tients (Willett et al. 2005), These proliferating cells 
are likely to be more sensitive to cytotoxic therapy. 
The increase in proliferation, however, occurred in 
the context of a significantly increased apoptosis of 


Fig. 33.3. Proposed effect of drug dose and schedule on tu- 
mor vascular normalization. The efficacy of cancer therapies 
that combine antiangiogenic and cytotoxic drugs depends 
on the dose and delivery schedule of each drug. The vascu- 
lar normalization model posits that a well-designed strat- 
egy should passively prune away immature, dysfunctional 
vessels and actively fortify those remaining, while incur- 
ring minimal damage to normal tissue vasculature. During 
this “normalization” window (green), cancer cells may be 
more vulnerable to traditional cytotoxic therapies and to 
novel targeted therapies. The degree of normalization will 
be spatially and temporally dependent in a tumor. Vascu- 
lar normalization will occur only in regions of the tumor 
where the imbalance of pro- and antiangiogenic molecules 
has been corrected. Figure obtained with permission from 
(Jain 2005a) 


cancer cells, Of interest, Gullino (1982) found no 
correlation between tumor growth rate in vivo and 
blood flow rate, vascular volume, or use of oxygen 
or glucose. (3) It is widely assumed that hypoxia 
leads to the death of cells. Therefore, alleviation 
of hypoxia during transient normalization of tu- 
mor vasculature should accelerate tumor growth. 
However, a growing body of evidence indicates that 
hypoxia may in fact promote cancer progression 
(Nelson et al, 2004). These two competing effects of 
antiangiogenic therapy may cancel each other out. 
(4) Finally, in some tumors, cancer cells depend on 
the same angiogenic growth factors (e.g., VEGF) for 
their survival as do the endothelial cells. In these 
tumors, antiangiogenic agents may kill both can- 
cer cells and endothelial cells and will likely induce 
tumor regression - similar to hormone withdrawal 
from a hormone-dependent tumor (Jain et al. 1998) 
- despite vessel normalization. For all these reasons, 
any acceleration in tumor growth during transient 
normalization is presumably masked by indirect 
and direct killing of cancer cells by antiangiogenic 
agents. Thus, it is not surprising that tumor regres- 
sion is slow and/or modest after antiangiogenic 
monotherapy despite a significant decrease in mi- 
crovascular density (Willett et al. 2004), 
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33.3.8 
Vascular Normalization: 
Clinical Relevance for Cancer Therapy 


Emerging preclinical and clinical data from our 
laboratory and others support the concept of tumor 
vascular normalization by antiangiogenic therapy 
(Ansiaux et al. 2005; Batchelor et al. 2007; Huber 
et al. 2005; Inai et al. 2004; Salnikov et al. 2005; 
Tong et al. 2004; Vosseler et al. 2005; Wildiers et 
al. 2003; Willett et al. 2004, 2005; Winkler et al. 
2004). Vascular normalization could explain why 
bevacizumab was efficacious in combination with 
chemotherapy, despite its limited efficacy as mono- 
therapy (Jain 2005a, 2005b). The process suggests 
that bevacizumab increased survival rates in che- 
motherapy-naive metastatic breast cancer patients 
by improving the delivery of chemotherapeutics to 
chemoresponsive tumors, while such an increase 
was not seen in chemotherapy-refractory meta- 
static breast cancer patients, in whom improved 
delivery of chemotherapeutics might have less of an 
effect. Vascular stabilization during VEGF block- 
ade potentially also decreased the shedding of met- 
astatic cancer cells from the primary tumors. The 
alleviation of hypoxia by bevacizumab might make 
the tumors more chemosensitive and less meta- 
static. Finally, if during vascular normalization 
the improved tumor microenvironment led to in- 
creased proliferation of the surviving cancer cells, 
this might have rendered them more sensitive to 
cytotoxic agents (Jain 2005a, 2005b; Jain et al. 2006; 
Willett et al. 2005). 

Then why did VEGF blockade by a multitar- 
geted agent (vatalanib) not show a clear benefit 
with FOLFOX4 regimen in metastatic colorectal 
cancer patients? Besides the simple explanation 
that it is not as effective an agent at administered 
doses, vatalanib has a considerably shorter half- 
life (~6 h) than bevacizumab (~20 days), and the 
phase III trials for vatalanib used a single daily 
dose of the drug. Contradicting these data, how- 
ever, is the fact that pharmacokinetic data sug- 
gest that an active dose of vatalanib is maintained 
in the blood circulation for 24h, and that it has 


a rapid and pronounced anti-vascular effect (Mor- 
gan et al. 2003). Another explanation could be the 
off-target effects (i.e. other than on the VEGF re- 
ceptor kinases). For example, vatalanib might tar- 
get PDGFR-B on perivascular cells. This action was 
shown in mice to be beneficial for vascular target- 
ing, since the PDGF-B-PDGFR-B axis is known to 
control vascular stabilization/maturation by re- 
cruitment of supporting perivascular cells. Block- 
ing PDGFR-B, however, may interfere with vascular 
normalization, by blocking perivascular cell re- 
cruitment and excessive vessel pruning, and thus 
prevent the synergistic effect of combined therapy 
(Jain 2003). Thus, the clinical benefit of targeting 
perivascular cells in addition to endothelial cells 
with multitargeted TKIs in the context of chemo- 
therapy remains unclear. How anti-VEGF therapy 
affects the recruitment or response of cells of the 
immune system in cancer patients is not known. 

Given these facts, why did other multitargeted 
TKIs, with broader inhibitory spectra and longer 
half-lives, prove efficacious in other tumor types? 
Our hypothesis is that broad-spectrum multitar- 
geted TKIs (i.e. those that simultaneously target 
multiple receptor or soluble kinases such as c-Kit, 
Raf, FLT3, PGDFR-a, etc.) mimic the synergistic 
effect offered by vascular normalization for combi- 
nations of anti-VEGF antibody and chemotherapy 
more effectively than the combinations of mul- 
titargeted VEGF receptor kinases-selective TKIs 
used with chemotherapeutics. This concept is yet 
to be proven in the clinic, but is strongly supported 
by the PFS gain produced by sorafenib (Nexavar®, 
Bayer Pharmaceuticals) in renal cell carcinoma and 
by sunitinib (Sutent®, Pfizer) in imatinib-resistant 
GIST patients. 

Collectively, these considerations imply that, if 
we are to optimally use single-targeted or multitar- 
geted anti-VEGF agents, treatment schemes must 
be tailored for each agent. For example, it is not yet 
clear whether the addition to chemotherapy of ex- 
isting multitargeted TKIs- which selectively target 
VEGF receptor kinases- to chemotherapy will im- 
pact outcome (e.g. vatalanib or semaxinib) to an 
extent comparable with the responses seen for the 
combination of bevacizumab - which specifically 
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targets VEGF - with chemotherapy. In choosing a 
multitargeted agent, the ability to define its spec- 
trum and to match it at the molecular level with the 
disease will be desirable. 

Some agents that target cancer cells directly 
may indirectly block angiogenesis. In a preclini- 
cal model of HER2-overexpressing human breast 
cancer, trastuzumab (Herceptin; a HER2-specific 
antibody) decreased the expression of several an- 
giogenic factors (including VEGF by cancer cells), 
while increasing the expression of the endogenous 
angiogenesis inhibitor thrombospondin 1, and in- 
duced changes (i.e. reduction in tumor vascular 
permeability, vessel diameter and vascular vol- 
ume, but not vessel length) consistent with vascu- 
lar normalization (Izumi et al. 2002). In this tumor 
model, however, trastuzumab actually increased 
VEGF expression in stromal cells. Thus, efficacious 
targeting of endothelial and cancer cells might be 
achieved by regimens that combine tumor-cell tar- 
geting by anti- EGFR-specific agents with direct 
anti-VEGF agents (such as bevacizumab). Alter- 
natively, monotherapy regimens might consist of 
multitargeted TKIs that concomitantly target the 
EGFR/HER2 on cancer cells in addition to VEGF 
receptor kinases. Preliminary data from the com- 
bination of cetuximab and bevacizumab, either 
alone or in combination with the chemotherapeu- 
tic agent irinotecan, for patients with irinotecan 
refractory colorectal cancer, suggest that these 
combinations are feasible and have potentially 
promising response rates. Additional trials com- 
bining trastuzumab, cetuximab or erlotinib with 
bevacizumab, as well as trials of Zactima (ZD6474; 
AstraZeneca Pharmaceuticals, Cheshire, UK), 
which is a multitargeted TKI (selective for VEGFR, 
EFGR and RET), have reached phase II and/or II] 
(in thyroid, breast, colorectal, lung, pancreatic and 
head-and-neck cancer patients), and the results 
will have important implications for the therapy of 
HER2-positive or EGFR-positive cancers (Herbst et 
al. 2005). 


Future Directions for Anti-Cancer Therapy 
with Antiangiogenic Agents 


The approval of the first antiangiogenic agent for 
clinical use in patients with colorectal carcinoma 
has taught us many lessons, the most important of 
which is that these agents must be used in combina- 
tion with agents that target cancer cells to have an 
appreciable impact on patient survival (Jain et al. 
2006). Increasing the dose of antiangiogenic agent 
may harm normal tissues and destroy too much of 
the tumor vasculature, leading to hypoxia and poor 
drug delivery in the tumor and to toxicity in nor- 
mal tissues. However, optimal doses and schedules 
of these reagents tailored to the angiogenic profile of 
tumors can normalize tumor vasculature and micro- 
environment without harming normal tissue. At least 
three major challenges must be met before therapies 
based on this vascular normalization model can be 
successfully translated to the clinic. The first chal- 
lenge is to determine which other direct or indirect 
antiangiogenic therapies lead to vascular normal- 
ization. In principle, any therapy that restores the 
balance between pro- and antiangiogenic molecules 
should induce normalization. Indeed, withdrawing 
hormones from a hormone-dependent tumor lowers 
VEGF levels and leads to vascular normalization (Jain 
et al. 1998). Recently, metronomic therapy - a drug 
delivery method in which low doses of chemothera- 
peutic agents are given at frequent intervals - has also 
been shown to increase the expression of thrombos- 
pondin-1, which is a potent endogenous angiogenesis 
inhibitor (Kerbel and Kamen 2004). Conceivably, this 
therapy might also induce normalization and im- 
prove oxygenation and drug penetration into tumors. 
Whether various synthetic kinase inhibitors (e.g., 
Novartis PTK787, Bayer 43-9006, Pfizer $U11248, 
and AstraZeneca AZD2171), endogenous inhibitors 
(e.g., angiostatin, endostatin, and tumstatin), anti- 
vasocrine agents (i.e., razoxane), conventional che- 
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motherapeutic agents (e.g., Taxol), and vascular tar- 
geting agents do the same remains to be seen. Some 
of these agents may be effective because they target 
both stromal and cancer cells. To date, most clinica] 
trials are designed primarily to measure changes in 
the size of the tumor and may therefore not shed light 
on changes in the vascular biology of tumors. Clinical 
studies, such as the rectal carcinoma study described 
earlier, and other ongoing translational clinical tri- 
als should help bridge the gaps in this aspect of our 
knowledge. The second challenge is to identify suit- 
able surrogate markers of changes in the structure 
and function of the tumor vasculature and to develop 
imaging technology that will help to identify the tim- 
ing of the normalization window during antiangio- 
genesis therapy. Measurement of blood-vessel density 
requires tissue biopsy and provides little information 
on vessel function. Although imaging techniques are 
expensive and far from optimal, they can provide 
serial measures of vascular permeability, vascular 
volume, blood perfusion, and uptake of some drugs 
and can therefore be used to monitor the window of 
normalization in patients. The number of circulating 
mature endothelial cells and their less differentiated 
progenitors does decrease after VEGF blockade (Duda 
et al. 2006; Willett et al. 2004, 2005), but whether 
this decline coincides with the normalization window 
is not known. During the course of therapy, serial 
blood measurements of molecules involved in vessel 
maturation have the potential to identify surrogate 
markers. PET with 18-fluoromisonidazole and MRI 
can provide some indication of tumor oxygenation 
and might be useful for tracking the normalization 
window. Finally, the measurement of the interstitial 
fluid pressure is minimally invasive, inexpensive, 
and easy to implement for anatomically accessible 
tumors. Hence, this parameter could be used in the 
interim as a useful indicator of vessel function until 
novel noninvasive methods are developed. The third 
challenge is to fill gaps in our understanding of the 
molecular and cellular mechanisms of the vascular 
normalization process (Jain 2005a). With rapid ad- 
vances in genomic and proteomic technology and 
access to tumor tissues during the course of therapy, 
we can begin to monitor tumor response to antian- 
giogenic therapies at the molecular level. 


Summary 


Tumors require blood vessels for growth and for 
local and distant invasion. Therefore, many new 
cancer therapies are directed against the tumor 
vasculature. The widely held view is that these an- 
tiangiogenic therapies should destroy the tumor 
vasculature, thereby depriving the tumor of oxygen 
and nutrients. Here, we discussed an alternative 
mechanism- that certain antiangiogenic agents can 
also transiently “normalize” the abnormal struc- 
ture and function of tumor vasculature to make it 
more efficient for oxygen and drug delivery. Drugs 
that induce vascular normalization can alleviate 
hypoxia and increase the efficacy of conventional 
therapies if both are carefully scheduled. 

The recent successes of the antiangiogenic agents 
have raised great hope and have taught us impor- 
tant lessons about the significance of the target, 
timing and dosage of each agent (Jain et al. 2006). 
More antiangiogenic agents are now expected to 
make a difference in cancer patients with a wide 
variety of tumor types. With the advent of spe- 
cific and potent new agents - approved or in the 
process of being approved - oncologists have a va- 
riety of direct and indirect antiangiogenic agents 
to choose from when designing therapy protocols. 
Whether the regimens used in the successful trials 
are optimal, however, and whether antiangiogenic 
agents will work in patients outside the rigorous 
inclusion criteria used for those trials remains to 
be determined. Establishing the most advantageous 
combinations will require a better understanding 
of the mechanisms of action of each antiangiogenic 
agent and the sensitivity of each tumor type, as well 
as development of robust biomarkers and imaging 
techniques to guide patient selection and protocol 
design. A better understanding of the molecular 
and cellular underpinnings of vascular normaliza- 
tion may ultimately lead to more effective therapies 
not only for cancer but also for diseases with abnor- 
mal vasculature, as well as regenerative medicine, 
in which the goal is to create and maintain a func- 
tionally normal vasculature. 
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Metronomic Antiangiogenic Chemotherapy: 
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FRANCESCO BERTOLINI, YUVAL SHAKED 


Abstract 


“Metronomic“ (antiangiogenic) chemo- 
therapy refers to the close, regular ad- 
ministration of low doses (non-toxic) of 
conventional chemotherapy drugs, in the 
absence of any prolonged drug-free break 
periods, over long periods of time, even 
several years. Unlike “dose-dense“ and 
intensive chemotherapy it is minimally 
toxic and thus does not usually require 
supportive care drugs, The preclinical an- 
titumor effects of certain metronomic che- 
motherapy regimens can be surprisingly 
good, especially when used in combina- 
tion with concurrent administration of 
a targeted biologic antiangiogenic agent. 
It is thought that the antitumor basis of 
metronomic chemotherapy is mainly via 
antiangiogenic mechanisms as a result of 
the local targeting of dividing endothelial 
cells in the growing tumor neovasculature, 
and also the systemic targeting of bone 
marrow-derived circulating endothelial 
progenitor cells (CEPs). Maximum toler- 
ated dose (MTD) chemotherapy may, in 
some circumstances, also target CEPs but 
a hemopoiesis-like proangiogenic acute 
CEP “rebound” can occur immediately af- 


terwards which is hypothesized to nullify 
this potential antiangiogenic effect. Short- 
ening or eliminating the drug-free break 
periods compromises this robust repair 
process. This CEP rebound phenomenon 
may also help explain the ability of certain 
antiangiogenic drugs such as bevacizumab 
(Avastin*) to enhance the efficacy of some 
conventional chemotherapy regimens, i.e., 
by preventing the systemic CEP rebound. 
Several phase II metronomic chemotherapy 
clinical trials, some randomized, have been 
completed, most using daily low-dose (e.g. 
50 mg) oral cyclophosphamide, in conjunc- 
tion with a targeted biologic agent such as 
bevacizumab or letrozole for treatment of 
either advanced or early stage breast can- 
cer, or celecoxib for advanced non-Hodg- 
kin’s lymphoma, with encouraging results, 
despite the obvious drawback of the empir- 
icism associated with metronomic dosing. 
However, advances are being made, both 
preclinically and clinically, in the discov- 
ery of surrogate markers to monitor bio- 
logic activity of metronomic chemotherapy 
and help determine the optimal biologic 
dose. These markers include circulating 
apoptotic endothelial cells and CEPs. 


594 


R. S. Kerbel et. al 


CONTENTS 


What Is Metronomic 
Antiangiogenic Chemotherapy? 594 


What Is the Basis for the 

Endothelial Cell Repair Process During 
the Drug-freeBreak Period Between Cycles 
of MTD Chemotherapy? 595 


If Shortening the Breaks Compromises 
Endothelial Cell Repair Mechanisms, 
Should This Not Also Apply to 

Other Types of Normal Drug-sensitive 
Cycling Cells? 598 


What Are the Advantages of 
Metronomic Chemotherapy Regimens? 599 


34.4 


In Addition to Combination with 
Targeted Antiangiogenic Drugs, 

What Other Combinations Can Be Used 
with Metronomic Chemotherapy? 600 


What Is Metronomic Antiangiogenic 
Chemotherapy? 


“Metronomic” chemotherapy is a term that was 
coined in 2000 to describe a dosing and adminis- 
tration schedule for conventional chemotherapy 
drugs which is thought to induce antitumor effects 
indirectly, primarily by antiangiogenic mechanisms, 
rather than by direct targeting of the tumor cell pop- 
ulation (Hanahan et al. 2000). The term refers to 
the close, regular administration of a chemotherapy 
drug in the absence of any prolonged drug-free break 
periods, over long periods of time, using relatively 
low, non-toxic doses of drug (Browder et al. 2000; 
Kerbel and Kamen 2004; Klement et al. 2000). The 
original basis for exploiting chemotherapy drugs as 
antiangiogenics was based on the hypothesis that 
dividing endothelial cells present in the growing 
neovasculature of tumors should be susceptible to 
the cytotoxic action of such drugs, like any other 
normal dividing cell population (Kerbel 1991). As 
such, it was hypothesized by Kerbel that it should be 
possible to induce responses in tumors even when the 
tumor cell population is resistant to a given chemo- 
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therapy drug, by virtue of targeting the drug-sensi- 
tive dividing host endothelial cell population in the 
tumor’s growing neovasculature. Indeed, there is an 
extensive body of literature dating back to the mid- 
1980s showing that a wide spectrum of chemothera- 
peutics belonging to virtually every class of such 
drugs can cause antiangiogenic effects in a variety 
of assays (Miller et al. 2001). However, Folkman’s 
laboratory reported in 2000 that the antiangiogenic 
effects of chemotherapy, using a common alkylat- 
ing agent - cyclophosphamide (CTX) - were largely 
lost if the drug was administered in a conventional, 
pulsatile fashion using maximum tolerated doses 
(MTDs) separated by long (2-week) drug-free break 
periods between successive courses of CTX chemo- 
therapy (Browder et al. 2000). Evidence was obtained 
to show direct endothelial cell apoptosis in the tumor 
vasculature shortly after drug administration, but 
this damage inflicted on the tumor vasculature was 
apparently rapidly repaired during the subsequent 
drug-free break periods, which are necessary to al- 
low the host (in this case, tumor-bearing mice) to re- 
cover from the harmful side effects of chemotherapy 
such as myelosuppression. Therefore, it was reasoned 
that if the drug was administered in a condensed 
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schedule, e.g. weekly rather than in cycles every with 
3 week breaks, this would compromise the repair 
Process involved in replacing damaged or killed vas- 
zziar endothelial cells (Browder et al. 2000). Browder 
7 al. designated this form of chemotherapy “antian- 
ziogenic chemotherapy” and the major hallmarks 
>i this method of chemotherapy drug administra- 
xion are its prolonged nature and the absence of any 
-ong drug-free break periods, and hence the need for 
much lower individual doses of drug. In addition, it 
was reported by Browder et al. that a variety of trans- 
p:antable mouse tumors that had been previously 
selected for acquired resistance in vivo to CTX by 
-sing conventional MTD dosing and scheduling of 
CTX could be induced to respond once again to the 
same drug simply by switching to the weekly lower- 
Zase metronomic protocol (Browder et al. 2000). In 
other words, a state of acquired resistance could be 
reversed simply by altering the dosing and admin- 
‘stration schedule of the drug, which resulted in a 
cifferent cellular target. There are some precedents 
tor this in the clinic, e.g. ovarian or breast cancer 
patients responding to a weekly taxane regimen after 
seemingly becoming resistant to a taxane regimen 
administered at the MTD once every 3 weeks (Kerbel 
and Kamen 2004). 

Results similar to those of Browder et al. were re- 
ported by Klement and colleagues using vinblastine 
to treat large established human tumor neuroblas- 
toma xenografts, where the drug was administered 
every 3 days over long periods without any prolonged 
drug-free breaks (Klement et al. 2000). In addition, 
Klement and colleagues reported that combining 
this method of administering vinblastine with con- 
current administration of a targeted antiangiogenic 
drug, e.g. antibodies to vascular endothelial growth 
factor receptor-2 (VEGFR-2) also administered ev- 
ery 3 days, resulted in remarkably effective tumor 
responses, which included complete and sustained 
regressions of large established tumors, without any 
evidence of tumor relapse over the 7-month long 
period of therapy (Klement et al. 2000). Effectively, 
the mice were cured with little evidence of any seri- 
ous toxic side effects (see Fig. 34.1). The rationale for 
this particular treatment combination was based on 
the hypothesis that the endothelial cell targeting ef- 


fects of a metronomic chemotherapy regimen might 
be compromised by locally high levels of endothe- 
lial cell survival factors, especially VEGF, and if so, 
neutralizing the pro-survival function of VEGF at 
the same time as administration of metronomic che- 
motherapy would significantly improve the effects 
of the latter (Klement et al. 2000). 

Theterm “metronomicchemotherapy” was coined 
by Hanahan and colleagues in an editorial commen- 
tary summarizing the results and significance of the 
two studies by Browder et al. and Klement et al. (Ha- 
nahan et al. 2000). It is meant to convey the idea of 
regular beats of a metronome over long periods of 
time, where each “beat” is administration of a che- 
motherapy drug. Because of the increased frequency 
of drug administration, comparatively low doses of 
chemotherapy drug are required for each adminis- 
tration. In some cases, the cumulative doses of the 
drug are less than, or equivalent to, the respective 
chemotherapy administered in a conventional MTD 
fashion. As a result, the acute toxicities associated 
with metronomic chemotherapy regimens are often 
minimal and, as a result, do not require supportive 
care drugs. This is in marked contrast to “dose- 
dense” chemotherapy, where a drug is also admin- 
istered using a more frequent schedule, but in fairly 
high doses such that toxicities remain significant, 
thus requiring the use of supportive care drugs (Cit- 
ron 2004). Indeed, it is the use of recombinant G- 
CSF to accelerate recovery from myelosuppression 
to 2 weeks from 3 weeks that makes dose-dense che- 
motherapy possible (Kim and Tannock 2005). 


What Is the Basis for the Endothelial Cell 
Repair Process During the Drug-free 
Break Period Between Cycles of MTD 
Chemotherapy? 


Originally, the target responsible for mediating the 
antiangiogenic effects of chemotherapy was as- 
sumed to be the differentiated dividing vascular 
endothelial cell present in the growing tumor neo- 
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Fig. 34.1. Effects of extended metronomic low-dose vinblastine treatment combined with DC101, an anti-VEGFR-2 neu- 
tralizing antibody, on the growth of large subcutaneously transplanted human (SK-NMC NB) neuroblastoma xenografts 
in immune deficient mice (upper panel). The long-term vinblastine metronomic/maintenance therapy was initiated after 
an induction/up-front 3-week treatment of a cumulatively higher dose of vinblastine, using an infusion pump. Note the 7- 
month-long treatment in the combination group, which resulted in complete and sustained tumor regressions in the absence 
of significant toxicity as assessed by body weight change (lower panel). The drugs were administered intraperitoneally every 
3 days with no long break periods. This result and others (Browder et al. 2000; Pietras and Hanahan 2005) have significantly 
contributed to the initiation of phase II clinical trials evaluating similar therapeutic strategies, e.g. low-dose metronomic 
CTX and letrozole for the adjuvant treatment of breast cancer (Bottini et al. 2006). Taken from Klement et al. (2000) with 
permission from the publishers 


vasculature, albeit in low percentages (Browder et 
al. 2000; Klement et al. 2000), as discussed above. 
However, it is now known that new endothelial cells 
during the process of angiogenesis can be derived 
not only from the aforementioned local (tumor) pro- 
cess, but also systemically, as a result of the mobili- 
zation of cells from the bone marrow compartment, 
which then enter the peripheral blood circulation 
and home to sites of angiogenesis, where a propor- 


tion of such cells incorporate into the lumina of 
growing vessels and differentiate into endothelial 
cells (Asahara et al. 1997). Such cells are referred to 
as “circulating endothelial progenitor cells” (CEPs) 
(Asahara et al. 1997; Shaked et al. 2005a). A few 
years ago it was reported that shortly after admin- 
istration of an intensive week long MTD course of 
CTX, the levels of CEPs were substantially reduced, 
but that this was followed by an abrupt and marked 
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Fig. 34.2a-c. Effects of VDA and/or antiangiogenic drug (DC101) treatment on levels of viable CEPs in peripheral blood, as 
assessed by four-color flow cytometry. a The anti-VEGFR-2 antibody DC101 causes a decrease in CEPs, as described previ- 
ously (Shaked et al. 2005a), observed at both 4 h and 24 h after a single i.p. injection of 800 pg/mouse. b In contrast, the VDA 
known as Oxi-4503 causes a rapid increase in levels of CEPs observed at 4h after i.p. injection of the drug, following which 
levels return to near normal at 24h. c The VDA-induced “flare” observed at 4h post treatment can be completely blocked 
by DC10) given 24h before Oxi-4503. Taken from Shaked et al. (2006) with permission of the publishers 


rebound of such cells, similar to the process of he- 
mopoiesis (Bertolini et al. 2003). The rapid mobili- 
zation of CEPs following their initial decline could 
conceivably account for a significant portion of the 
repair process during the extended drug-free break 
periods following MTD chemotherapy, assuming 
that such mobilized cells actually home to sites 
of tumor angiogenesis/damaged blood vessels and 
contribute to new blood vessel formation and vessel 
repair. Recently, it was reported that exactly such 
a scenario appears to be the case after adminis- 
tration of so-called cytotoxic “vascular disrupting 
agents” (VDAs) such as combretastatin, a micro- 
tubule inhibitor, or a second-generation derivative 
of this drug called Oxi-4503 (Shaked et al. 2006). 
Thus, VDA administration can cause a rapid and 
marked increase in the peripheral blood levels. of 


CEPs (see Fig. 34.2), which then home to the via- 
ble tissue that typically remains at the tumor rim 
(Shaked et al. 2006) that characteristically remain 
after VDA treatment, surrounding a large area of 
intra-tumoral necrosis (Tozer et al. 2005), These 
bone marrow-derived cells are then retained at the 
tumor periphery, as shown in Fig. 34.3 using the 
example of mice that had been previously lethally 
irradiated and reconstituted with syngeneic GFP- 
positive bone marrow cells, where they contribute 
to tumor regrowth (repopulation), at least in part by 
stimulating tumor angiogenesis (Shaked et al. 2006). 
If a similar scenario holds for chemotherapy drugs 
administered at the MTD, this could obviously ac- 
count for the rapid repair that was first noted by 
Browder and colleagues to the tumor vasculature 
after MTD CTX treatment (Browder et al. 2000). 
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Fig. 34.3. Acute homing of bone marrow-derived circulating cells (including CEPs) to tumors shortly after treatment of 
tumor-bearing mice with a single injection of a VDA (Oxi-4503), Lewis lung carcinomas were grown in syngeneic C57BI6 
mice that had previously been lethally irradiated and reconstituted with GFP-positive bone marrow cells. Note low levels 
of GFP-positive cells in tumors from untreated mice. However, 72 h after Oxi-4503 treatment a pronounced GFP signal is 
evident in the tumor, indicating a massive homing of such cells to treated tumors, a process which can be prevented by 
prior treatment with DC101, the anti-VEGFR-2 antibody. The CEP homing phenomenon was shown to contribute to tumor 
angiogenesis and tumor growth at the viable tumor rim which characteristically remains after VDA treatment. Taken from 


Shaked et al. (2006) with permission of the authors 


If Shortening the Breaks Compromises 
Endothelial Cell Repair Mechanisms, 
Should This Not Also Apply to Other Types 
of Normal Drug-sensitive Cycling Cells? 


This particular question represents a major para- 
dox regarding the mechanistic basis of metronomic 
chemotherapy, as one might expect metronomic 
chemotherapy would compromise repair of other 
tissues/cells damaged or killed by the therapy. It 
has been noted by a number of investigators, both 
clinically (Colleoni et al. 2002) and preclinically 
(Emmenegger et al. 2004), that metronomic admin- 
istration of chemotherapy drugs such as CTX, or 
CTX plus methotrexate (MTX), is not associated 
with significant high-grade common toxicities such 
as myelosuppression. How does one explain maxi- 
mizing endothelial cell damage by more frequently 
administered chemotherapy, while not at the same 
time increasing the severity of other side effects such 
as toxicity to bone marrow progenitors, leading to 
an increase in the severity of neutropenia? There 
are several possible explanations to this question. 
The first is that for unknown reasons dividing dif- 
ferentiated endothelial progenitor cells, and possi- 


bly bone marrow-derived CEPs could be exquisitely 
sensitive to very low doses of chemotherapy which 
are not toxic to other types of normal cycling cells 
that are usually sensitive to higher doses of chemo- 
therapy. There is some limited evidence in support 
of this possibility. For example, several groups have 
reported that extremely low concentrations of che- 
motherapy drugs in vitro can cause anti-endothelial 
effects, including apoptosis, at concentrations which 
no longer have such effects on any other types of nor- 
mal or malignant cell populations tested (Bocci et al. 
2002; Vacca et al. 1999; Wang et al. 2003). In other 
words, at extremely low doses of chemotherapy, ei- 
ther in vitro or in vivo, there might be a marked and 
selective sensitivity of vascular endothelial cells. If 
so, this conceivably might also apply to bone mar- 
row-derived CEPs (Shaked et al. 2005c). Indeed, 
metronomic chemotherapy using CTX administered 
at an approximate dose of 20 mg/kg/day through 
the drinking water is not associated with any my- 
elosuppression, i.e., neutropenia (Emmenegger et al. 
2004), but causes a marked decline in CEPs (Shaked 
et al. 2005c), as shown in Fig. 34.4. A second expla- 
nation is that the effects of low-dose metronomic 
chemotherapy are mediated by an indirect, second- 
ary mechanism that is highly specific for activated 
vascular endothelial cells and/or CEPs. Again, there 
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is some limited evidence for this hypothesis. Bocci 
and colleagues first reported that administration of 
low-dose CTX can result in a systemic induction 
of the well-known endogenous angiogenesis inhibi- 
tor, thrombospondin-] (TSP-1). Thus, the effects of 
metronomic CTX on tumors were largely lost when 
tumors were grown and treated in TSP-1-deficient 
mice (Bocci et al. 2003). Several other groups have 
now also reported that metronomic chemotherapy 
can result by unknown mechanisms in an increase 
in the tissue expression of TSP-1, including in the 
tumor cells and tumor stroma, as well as increased 
circulating levels of TSP-1 in peripheral blood (Dam- 
ber et al. 2006; Hamano et al. 2004). The key point 
here is that TSP-1 would not be expected to affect 
bone marrow progenitors, hair follicle cells, epithe- 
lial cells lining the gut, etc., so that cells/tissues that 
are normally sensitive to the toxic effects of MTD 
chemotherapy would not be strongly affected, if at 
all, by low-dose metronomic chemotherapy if a TSP- 
1-mediated mechanism was involved in targeting 
endothelial cells or CEPs. 


What Are the Advantages of 
Metronomic Chemotherapy Regimens? 


Given the aforementioned discussion, it is apparent 
that one significant advantage of most metronomic 
chemotherapy regimens would be the absence of 
high-grade adverse events normally associated with 
conventional MTD chemotherapy dosing, such as 
nausea, vomiting, myelosuppression, mucositis, and 
hair loss (Emmenegger et al. 2004). This is not to 
say that toxicity would be absent, but it would be 
minimal, and this obviously represents a signifi- 
cant potential advantage, especially with respect to 
treatment of children and the elderly. A second ad- 
vantage, at least potentially, is convenience when 
using orally bioavailable chemotherapy drugs such 
as CTX (Colleoni et al. 2002), etoposide (Kieran et 
al. 2005), MTX (Colleoni et al. 2002), capecitabine, 
and tegafur-uracil (UFT) (Kato et al. 2004). Such 
drugs can be administered at fixed or varying doses 
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Fig. 34.4, Effect of different doses of CTX administered daily through the drinking water on levels of viable CEPs. An 
estimated dose of 20 mg/kg/day caused maximal decline in levels of viable CEPs, and this figure was not significantly 
changed by increasing the dose to 40 or 50 mg/kg/day. However, the latter higher doses were found to be toxic to mice 
(Shaked et al. 2005c). Parallel experiments involving 1 week’s treatment of tumor-bearing mice with these different doses 
of CTX showed that the OBD, taking toxicity into account, was 20 mg/kg/day - which matches the CEP results shown 
above. In addition, a dose of 10 mg/kg/day does not cause an increase in the levels of apoptotic circulating endothelial 
cells, whereas doses of 20 mg/kg/day or above do so (Mancuso et al. 2006). Taken from Shaked et al. (2005c) with per- 
mission of the publishers 
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on an out-patient or at-home basis. This particu- 
lar advantage, however, must be balanced with the 
known disadvantages of oral drugs, such as patient 
compliance and inconsistent pharmacokinetics due 
to variable drug absorption. A third advantage re- 
lates to reduced costs (Bocci et al. 2004b) when us- 
ing inexpensive off-patent drugs such as CTX or 
MTX. This represents a potentially significant ben- 
efit, especially given the rapidly increasing costs of 
new anticancer drugs, the extent of which is plac- 
ing enormous and growing burdens on health care 
systems (Schrag 2004). A fourth advantage is the 
ability to combine targeted biologic agents that are 
relatively non-toxic in a chronic fashion with met- 
ronomic chemotherapy. Such chronic combination 
treatments would not be possible when using only 
toxic MTD chemotherapy regimens. 


In Addition to Combination with 
Targeted Antiangiogenic Drugs, 

What Other Combinations Can Be Used 
with Metronomic Chemotherapy? 


While most published preclinical studies have shown 
the benefit of combining a targeted antiangiogenic 
drug with a particular metronomic chemotherapy 
regimen, other promising drug combinations have 
been reported. For example, immunotherapeutic 
tumor vaccines can be combined with metronomic 
chemotherapy to enhance the overall effects of ei- 
ther form of therapy (Hermans et al. 2003). This is 
particularly interesting since one of the supposed dis- 
advantages of using immunotherapy approaches for 
cancer treatment is the inability to combine such ap- 
proaches with potentially immunosuppressive MTD 
chemotherapy regimens. However, in the case of 
metronomic chemotherapy, at least with some drugs 
such as CTX, it has been shown that not only is this 
form of chemotherapy non-immunosuppressive, but 
it actually can stimulate the immune system (Loef- 
fler et al. 2005). Indeed, it has been known for many 


years that administration of single low doses of CTX 
to mice or rats can deplete the host of regulatory im- 
munosuppressive T-cells and, as a result, amplify the 
effects of cytotoxic T-cells (Ghiringhelli et al. 2004). 
Thus, low-dose metronomic chemotherapy may be 
particularly ideal as a combination treatment with 
tumor vaccines (Hermans et al. 2003). In addition to 
tumor vaccines it has also been reported that other 
agents such as COX-2 inhibitors (Buckstein et al. 
2006; Coras et al. 2004; Hafner et al. 2005; Reichle et 
al. 2004), letrozole, an aromatase inhibitor (Bottini 
et al. 2006), trastuzumab (Herceptin’) (du Manoir et 
al. 2006), and dexamethasone (Glode et al. 2003) can 
each be combined with metronomic chemotherapy 
regimens involving daily low-dose oral CTX. Some of 
these studies are preclinical in nature, while others 
are clinical. It may be that the enhanced antitumor ef- 
fects of combining a drug such as trastuzumab or ce- 
lecoxib with metronomic chemotherapy is due to the 
antiangiogenic effects of the aforementioned biologic 
agents (Buckstein et al. 2006; du Manoir et al. 2006). 
Indeed, part of the rationale for testing trastuzumab 
with metronomic CTX was based on previous studies 
showing that trastuzumab could have antiangiogenic 
effects that contribute to its overall antitumor efficacy 
(Viloria-Petit et al. 1997). 


How Does One Determine the Optimal Bio- 
logic Dose for Metronomic Chemotherapy? 


This particular question highlights the current ma- 
jor disadvantage of daily oral metronomic chemo- 
therapy (Lam et al. 2006). Clearly, it is a reasonably 
straightforward proposition to determine the MTD 
ofa given chemotherapy drug. It is a different matter 
to determine the optimal biologic (low) dose (OBD) 
for a drug administered in a metronomic fashion 
(Lam et al. 2006). This problem is, of course, not 
restricted to metronomic chemotherapy. It is well 
known that many of the new anticancer agents do not 
necessarily have the dose-limiting toxicities which 
are normally used to define an MTD. In addition, 
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even when a particular drug has a definable MTD, 
the OBD may be less than the MTD (Cristofanilli et 
al. 2002). This is thought to be the case with many of 
the targeted antiangiogenic drugs that are currently 
commercially available, or still under development 
‘Cristofanilli et al. 2002). However, some progress 
has been made recently with respect to defining sur- 
rogate pharmacodynamic biomarkers which may be 
useful for monitoring the biologic activity of anti- 
angiogenic drugs and metronomic chemotherapy, 
including determining the OBD (Bocci et al. 2004a; 
Shaked et al. 2005a, 2005c). Preclinically, it has been 
reported that the OBDs of a number of different met- 
ronomic chemotherapy regimens can be determined 
by using CEPs as a surrogate biomarker (Shaked et 
al. 2005c). This is based on prior findings, in mice, 
that enumeration of peripheral blood CEPs can be 
used as a readout for angiogenesis and therefore 
to determine the OBDs of targeted antiangiogenic 
agents such as anti-VEGFR-2 antibodies (Shaked 
et al. 2005a). To date, the OBDs for seven differ- 
ent chemotherapy drugs have been determined for 
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mice using CEPs. These drugs are CTX (Shaked et 
al. 2005c), cisplatinum (Shaked et al. 2005c), vin- 
blastine (Shaked et al. 2005c), vinorelbine (Shaked 
et al. 2005c), paclitaxel (Shaked et al. 2005c), abrax- 
ane (Ng et al. 2006), and UFT (Munoz et al. 2006). 
Whether endothelial progenitor cells can be used 
successfully in a similar fashion in humans has not 
yet been shown, and may be difficult given the low 
numbers of endothelial progenitor cells in humans 
compared to mice. Instead, a more practical cellular 
surrogate marker may be apoptotic circulating en- 
dothelial cells (CECs). Recently, Mancuso et al. have 
shown that apoptotic CECs measured after 2 months 
of metronomic CTX/MTX chemotherapy treatment 
of metastatic breast cancer patients has potential 
as a surrogate marker to monitor biologic activity 
of metronomic chemotherapy, and quite possibly, 
to predict future clinical benefit, such as progres- 
sion-free survival and overall survival (Fig. 34.5) 
(Mancuso et al. 2006). Based on preclinical studies, 
the presumed source in humans of these apoptotic 
CECs is the tumor vasculature. Thus, administra- 
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Fig. 34.5a,b. Increases in levels of apoptotic CECs may be a surrogate marker indicative of the antiangiogenic activity of 
metronomic chemotherapy in patients, as well as predicting clinical benefit. a Results of a phase II clinical trial involving 
low-dose oral metronomic CTX and MTX chemotherapy (combined with thalidomide) showed that an increase in the levels 
of apoptotic CECs, as detected by flow cytometry, after 2 months of treatment indicated a clinical benefit when the levels 
of apoptotic CECs exceeded greater than 11/ul of blood. Clinical benefit was also defined as either complete response (CR), 
partial response (PR), or stable disease (SD), as opposed to progressive disease (PD). b Patients experiencing CR, PR, or SD 
showed an elevated level of apoptotic CECs after 60 days of metronomic chemotherapy treatment, compared to baseline 
values observed before treatment was initiated. Taken from Mancuso et al. (2006) with permission of the publishers 
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tion of metronomic CTX to normal mice does not 
result in a detectable increase in the levels of apop- 
totic CECs, whereas such increases are noted when 
using biologically active doses of the same drug in 
tumor-bearing mice (Mancuso et al. 2006). Clearly, 
validation of such markers in humans will be an 
important step towards improving the likelihood 
of achieving significant clinical benefits using met- 
ronomic chemotherapy protocols in patients. In this 
regard, the benefits that have been noted so far in 
empirical metronomic chemotherapy trials (sum- 
marized below) are particularly encouraging. 


Is It Useful to Combine Cyclic MTD Chemo- 
therapy with Metronomic Low-Dose Che- 
motherapy? 


In one of the original metronomic chemotherapy 
studies (Klement et al. 2000), the once every 3 day 
low-dose vinblastine administration schedule was ac- 
tually preceded by a 3-week treatment regimen where 
the drug was given at a cumulative higher dose, using 
a continuous infusion pump, to treat large established 
neuroblastoma xenografts. The initial upfront higher 
cumulative dose regimen was used to bring about 
a rapid tumor response, i.e., some degree of tumor 
shrinkage, which would then be followed immedi- 
ately by the long-term ‘maintenance’ metronomic 
chemotherapy regimen using the same drug. This 
protocol highlighted the possibility of using conven- 
tional chemotherapy dosing in sequence with metro- 
nomic chemotherapy. Indeed, a preclinical study by 
Pietras and Hanahan clearly showed the significant 
benefits that can be derived by a short upfront course 
of MTD CTX therapy, immediately followed by long- 
term daily low-dose metronomic CTX, where the 
drug was administered daily through the drinking 
water (Pietras and Hanahan 2005), as first reported by 
Man et al. (2002). A variation of the aforementioned 
two studies was reported by Shaked and colleagues 
using three different transplantable tumor models, 
in which bolus dose (BD) intraperitoneal injection of 


approximately one third of the MTD CTX was admin- 
istered every 3 or 6 weeks, along with daily low-dose 
oral CTX administered through the drinking water 
at the optimal biologic (metronomic) dose, as shown 
in Fig. 34.6. This combination of BD plus low-dose 
metronomic chemotherapy was found to significantly 
improve the effects of the low-dose metronomic che- 
motherapy regimen used alone, and in some cases 
was associated with surprisingly effective long-term 
antitumor effects (Shaked et al. 2005b). Thus, con- 
ventional MTD-type chemotherapy and less toxic 
low-dose metronomic chemotherapy should not be 
thought of in terms of “either/or” but rather as pos- 
sibly complementary ways of giving the same drug to 
enhance overall antitumor efficacy. Clinically, there 
are protocols being tested that are somewhat similar 
in some respects, e.g. daily low-dose oral CTX with 
weekly vinblastine (Young et al. 2006) or weekly plati- 
num and daily oral etoposide (Correale et al. 2006). 


Do the Early Clinical Trial Results of 
Metronomic Chemotherapy Support the 
Preclinical Studies of This Chemotherapy 
Treatment Concept? 


As with any new anticancer treatment concept ini- 
tially demonstrated in preclinical models, especially 
using tumor-bearing mice, there is always the con- 
cern that the encouraging preclinical results will 
not be observed in patients. However, early indica- 
tions suggest that metronomic chemotherapy may 
become a clinically validated concept, though formal 
confirmation of this awaits initiation and comple- 
tion of larger randomized phase III clinical trials. 
In the meantime, there have been a number of both 
non-randomized and randomized phase II clinical 
trials involving a number of chemotherapy drugs, 
especially oral low-dose CTX, sometimes combined 
with oral low-dose MTX, where these two drugs are 
used together, or in combination with a targeted an- 
tiangiogenic drug such as bevacizumab, celecoxib, 
or letrozole, with promising results. These trials 
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Fig. 34.6a,b. Extended survival and increased antitumor efficacy in mice treated with intermittent bolus dose (BD) CTX plus 
low-dose metronomic (LDM) CTX (“fast” plus “slow” metronomic chemotherapy). Human PC3 prostate cancer cells (a) or 
Friend erythroleukemia (b) induced mice were treated with CTX in various regimens, including MTD - total of 450 mg/kg 
CTX administered intraperitoneally over a 6-day cycle consisting of three injections of 150 mg/kg each every other day; 
LDM - approximately 20 mg/kg/day of the same drug administered through the drinking water; BD - a single injection of 
150 mg/kg of CTX administered every 3 or 6 weeks; or a combination of BD plus LDM. Mice were monitored regularly for 
tumor volume changes (a) or survival (b). Taken from Shaked et al. (2005b) with permission of the publishers 


include a non-randomized trial of relapsed, refrac- 
tory non-Hodgkin’s lymphoma using daily low-dose 
CTX in combination with celecoxib (Buckstein et 
al. 2006); a randomized trial of recurrent epithelial 
ovarian cancer using daily low-dose CTX in com- 
bination with biweekly bevacizumab (Garcia et al. 
2005, 2007); a randomized phase II trial of daily 


low-dose CTX and low-dose MTX administered 2 
days a week in combination with bevacizumab for 
the treatment of metastatic breast cancer (cited in 
Singletary 2007); a randomized phase II trial of 
daily low-dose cyclophosphamide and letrozole for 
metastatic breast cancer in elderly patients (Bottini 
et al. 2006); a non-randomized trial in pediatric 
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cancer patients using a 3-week alternating sequence 
of daily low-dose CTX and then daily low-dose 
etoposide, in conjunction with daily administration 
of thalidomide and celecoxib (Kieran et al. 2005); 
and a non-randomized trial involving different ma- 
lignancies involving daily low-dose CTX and weekly 
vinblastine, along with concurrent daily rofecoxib 
(Young et al. 2006). All of these trials have been as- 
sociated with minimal or modest toxicity along with 
putative clinical benefit in terms of time to progres- 
sion, response rate, or progression-free survival and 
sometimes overall survival. The emphasis on CTX, 
and in some cases, MTX along with CTX, stems from 
a pivotal non-randomized phase II trial involving 
66 women with metastatic breast cancer who were 
treated with daily low-dose CTX (50mg orally) 
and MTX (orally) 2 days a week for a total dose of 
10 mg a week by Colleoni et al. (2002). Based on a 
number of preclinical studies, especially Klement et 
al. (2000), it was decided to use this empirical but 
all-oral convenient metronomic chemotherapy pro- 
tocol in combination with targeted biologic agents 
such as bevacizumab. In addition, the results of other 
chemotherapy drugs in clinical trials are being re- 
examined retrospectively from the point of view of 
the metronomic chemotherapy concept. For exam- 
ple, over a decade ago a clinical trial was initiated 
using the 5-fluorouracil (5-FU) oral prodrug known 
as UFT for the treatment of early stage, resected non- 
small cell lung cancer (NSCLC) where the drug was 
orally administered by tablet at low, non-toxic doses 
every day for 2 years (Kato et al. 2004). UFT, or its 
metabolites, has been shown to have antiangiogenic 
effects, especially when administered by continuous 
infusion at lower doses, as opposed to intermittent 
bolus injections (Yonekura et al. 1999). UFT gener- 
ates three different metabolites - 5-FU, gamma buty- 
rolactone (GBL), and gamma hydroxybutyrate (GHB) 
- all of which have been shown to induce antiangio- 
genic effects in vivo (Yonekura et al. 1999). 

In addition, results of smaller pilot studies have 
been reported using low-dose CTX and dexametha- 
sone for advanced prostate cancer (Glode et al. 2003) 
and rofecoxib with trofosfamide for advanced mela- 
noma and soft tissue sarcoma (Reichle et al. 2004), 
among others. 


What About Combination Metronomic 
Chemotherapy Using Two Different 
Chemotherapy Drugs? 


An interesting question is whether two different che- 
motherapy drugs, administered as a ‘doublet’ regi- 
men using metronomic dosing and schedules, would 
improve upon the effects of either drug used alone. 
There would seem to be a compelling rationale for 
testing such drug combinations, as it is well known 
that combinations of two chemotherapy drugs 
administered in an MTD fashion are often more 
effective than either drug alone, e.g. a platinum drug 
in combination with a taxane (“PC”) for the treat- 
ment of NSCLC; the combination of 5-FU, leucovorin 
and irinotecan, or oxaliplatin, for the treatment of 
colorectal cancer; and CTX and adriamycin (AC) for 
breast cancer. To this end, Munoz and colleagues in- 
vestigated the effects of a combination of daily low- 
dose CTX administered through the drinking water 
on a non-stop basis combined with UFT adminis- 
tered by gavage, also on a daily non-stop basis, where 
both drugs were dosed at the OBD, using CEPs as a 
surrogate biomarker to determine the OBD (Munoz 
et al. 2006). This combination chemotherapy treat- 
ment was tested in a newly developed model of 
advanced, high-volume (terminal) visceral human 
metastatic breast cancer in immunodeficient mice. 
Indeed, evidence emerged that the combination of 
metronomic CTX and UFT could cause remark- 
able long-term antitumor effects, if not cure, and 
moreover do so in the absence of any significant 
discernable toxicity (Munoz et al. 2006), as shown 
in Fig. 34.7. Other doublet combinations of metro- 
nomic chemotherapy are currently being evaluated 
in different models of advanced metastatic cancer, 
including malignant melanoma. 
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Fig. 34.7. Effects of combination ‘doublet’ oral low-dose metronomic chemotherapy on survival of mice with advanced, 
high-volume visceral metastatic breast cancer. A new model of advanced metastatic breast cancer was developed using the 
MDA-MB-231 human breast cancer cell line, as described by Munoz et al (2006), which involves a combination of orthotopic 
transplantation, surgical removal of primary tumors, and establishment of cell lines from subsequently forming metastases 
found in the lungs. One such variant is called LM2-4. This variant was orthotopically transplanted into SCID mice and the 
tumor removed approximately a month later, and then treatment was initiated approximately 1 month after surgery when 
extensive microscopic metastases were established in several different organ sites, such as the lungs, liver, and lymph nodes. 
Treatment consisted of daily oral low-dose CTX and/or daily oral low-dose UFT administered by gavage at the indicated 
OBDs, as determined by using CEP as a surrogate biomarker of tumor angiogenesis. Therapy was maintained continuously 
for 140 days. The combination treatment caused a remarkable antitumor effect and extension of survival. Taken from Munoz 
et al. (2006) with permission of the publishers 


Metronomic Chemotherapy: 
The Way(s) Ahead 


The first clinical reports of metronomic chemother- 
apy are sufficiently encouraging to warrant further 
clinical trial testing in the context of larger random- 
ized phase II or phase III trials. For example, in a ran- 
domized phase II trial of metronomic daily low-dose 


(50 mg) oral CTX combined with daily oral letrozole 
involving 57 early-stage breast cancer patients per 
arm, those receiving the combination treatment had 
an exceptionally high response rate of 88.1% while 
the letrozole arm had a response rate of 72%; tox- 
icities were very mild in both arms (Bottini et al. 
2006). This might be viewed as remarkable given the 
empirical nature of the CTX dosing. Clearly we need 
to learn more about the best chemotherapy drugs for 
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metronomic chemotherapy (Drevs et al. 2004), the 
best chemotherapy drug combinations, the optimal 
dose for such drugs, and the best biologic agents to be 
used in combination with metronomic chemotherapy 
regimens. Also important will be choices with respect 
to the types or stages of cancer most suitable for met- 
ronomic chemotherapy treatment regimens. Preclini- 
cal metronomic chemotherapy studies have been very 
helpful in guiding the design of clinical trials. Some 
clinical trials are now providing directions for new 
preclinical studies that could improve the results of 
future clinical trials. For example, the results of Man- 
cuso et al. showing the potential of apoptotic CECs 
as a surrogate marker for metronomic chemotherapy 
biologic activity in breast cancer patients (Mancuso 
et al. 2006) need to be confirmed and extended in 
preclinical models to determine whether such cells 
might be used successfully to determine the OBD for 
metronomic chemotherapy in patients. In addition, 
some molecular markers circulating in blood, such 
as soluble erbB2/Her2 or EGFR, may have promise 
as predictive markers (in breast cancer patients) 
treated with metronomic chemotherapy (Sandri 
et al. 2007). 
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Abstract 


Bevacizumab (Avastin; Genentech, Inc., South 
San Francisco, CA, USA) isahumanized mono- 
clonal antibody that specifically targets and 
neutralizes vascular endothelial growth factor 
(VEGF-A), an essential endothelial cell mito- 
gen and survival factor. As the first anti-an- 
giogenic therapy developed and approved for 
human cancer, it represents the culmination 
of many years of biologic and human research 
in many laboratories and clinics around the 
world. This chapter will review (1) the devel- 
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cloning of human VEGF which allowed for the 
generation of murine-derived, human-specific 
anti-V EGF monoclonal antibodies; (2) the pro- 
cess by which a single clone, A4.6.1, was identi- 
fied and selected for clinical development; (3) 
the process of “humanizing” the murine anti- 
body to form bevacizumab to enable human 
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Introduction 


The concept of targeting tumor vasculature as a 
therapeutic strategy in human cancer dates to an 
observation made in 1939 by Gordon Ide and col- 
leagues that rapid growth of transplanted tumors 
was often preceded by an intense local increase in 
vascular density (Ide et al. 1939). Based on their 
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experiments, which involved the use of a transpar- 
ent chamber to observe the growth of transplanted 
rabbit carcinomas, they postulated the following: 
“one is almost forced to the conclusion that there 
is, associated with the viable growing tumor, some 
blood vessel growth stimulating factor”. Later work, 
reported in 1945 by Algire and Chalkley at the Na- 
tional Cancer Institute, refined this technique such 
that it could be applied to mice and vessel growth 
could be quantitated directly by enumerating ves- 
sel counts (Algire et al. 1945). Their conclusions 
were similar: “the rapid growth of tumor explants 
is dependent on the development of a rich vascular 
supply”. In 1968, Greenblatt and Ehrmann demon- 
strated that this process, termed angiogenesis, was 
mediated by diffusible factors released by tumor 
cells (Greenblatt and Shubik 1968; Ehrmann and 
Knoth 1968). 

However, it was the landmark treatise by Folkman 
in 1971 that accelerated the field of “anti-angiogene- 
sis” as a therapeutic option to treat cancer (Folkman 
1971). His group had recently reported the isolation 
of a serum protein termed tumor angiogenesis fac- 
tor (TAF), which they showed to be an endothelial 
cell mitogen (Folkman et al. 1971). He postulated at 
that time that blockade of this factor might arrest 
cancers at a tiny diameter of a few millimeters. TAF 
was ultimately shown to be vascular endothelial 
growth factor (VEGF), one of the most potent of a 
family of endothelial cell-specific mitogens. VEGF is 
a highly conserved, homodimeric, heparin-binding 
glycoprotein that exists in several isoforms. VEGF 
mediates its effects by interacting with the mem- 
brane-bound tyrosine kinase receptors, VEGFR-1 
(Flt-1) and VEGFR-2 (KDR, flk-1), activating specific 
downstream survival and proliferation pathways 
(Ferrara and Davis-Smyth 1997). VEGF is considered 
essential for normal developmental vasculogenesis, 
and there is substantial evidence implicating VEGF 
as a critical factor in tumor angiogenesis. Trans- 
formed cell lines commonly express increased levels 
of both VEGF mRNA and protein. Transfection of 
Chinese hamster ovary cells with expression vectors 
encoding VEGF allows these cells to form tumors in 
nude mice (Ferrara et al. 1993). Increased VEGF ex- 
pression has been described in most human tumors 


and in many instances is correlated with an adverse 
prognosis (increased risk of tumor recurrence and 
metastasis and decreased survival) (Takahashi et al. 
1995, 1997; Radinsky and Ellis 1996; Tokunaga et al. 
1998). 

The biology of VEGF and the target receptors in- 
volved in signaling are described in detail in other 
chapters of this text. This chapter will review the 
pre-clinical and clinical development of bevaci- 
zumab, the first therapeutic anti-angiogenic drug 
developed for human cancer. 


Creating a Therapeutic Antibody 


The cloning of human VEGF by Napoleone Ferrara 
in 1989 created the opportunity to envision strate- 
gies to antagonize the growth factor and poten- 
tially inhibit angiogenesis in humans (Leung et al. 
1989). Engineering a highly specific, neutralizing, 
humanized antibody directed against VEGF repre- 
sented one potential therapeutic strategy to pursue. 
Mice were first immunized with recombinant hu- 
man VEGF165 and a library of murine anti-human 
VEGF antibodies was created (Kim et al. 1992), 
Four antibodies, A3.13.1, A4.6.1, B4.3.1 and B2.6.2, 
were selected for further characterization based 
on their high-affinity binding to VEGF with dis- 
sociation constants (K4) ranging from 2.2x10-? to 
4.4x10-'°, Epitope mapping indicated that A4.6.1 
had the favorable characteristic of recognizing a 
continuous as opposed to a discontinuous epit- 
ope that was essential for angiogenesis, and it also 
recognized all four isoforms of VEGF (VEGF)),, 
VEGF\65. VEGF, and VEGF,9¢) created by alter- 
native splicing. Based on these results, A4.6.1 was 
selected for further pre-clinical testing as a poten- 
tial anti-tumor agent. 

In 1993, a landmark series of experiments was 
reported by Kim and colleagues (Kim et al. 1993). 
They studied the effect of A4.6.1 on in vivo and in 
vitro growth characteristics of three immortalized 
human malignant cell lines: A673 rhabdomyosar- 


coma, G55 glioblastoma multiforme, and SK-LMS-1 
leiomyosarcoma. Each of these lines were known to 
express VEGF mRNA and were tumorigenic when 
grown as xenografts in immunodeficient mice. As 
seen in Fig, 35.1, A4.6.1 exerted a dose-dependent 
inhibition of tumor growth in both A673 and G55 
tumors. Histologic examination of the tumors re- 
vealed a significant reduction in vascular density 
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within the A4.6.1-treated tumors. In order to sepa- 
rate paracrine and autocrine mechanisms, Kim also 
reported the activity of both recombinant VEGF and 
A4.6.1 on the same cell lines grown in agar and plas- 
tic. As seen in Fig. 35.2, neither the growth factor 
itself nor the high-affinity anti-VEGF antibody had 
any growth effects on isolated tumor cells. These 
observations confirmed findings in earlier studies 
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Fig. 35.1a-c. Effects of anti-VEGF antibody on tumor size 
(a, b) and weight (c). A673 (CRL 1598) and SK-LMS-1 (HTB 
88) cell lines were from the ATCC 
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Fig. 35.2a-c. Effects of VEGF or anti-VEGF antibody on the 
growth of tumor cell lines in plastic or in soft agar 


suggesting that VEGF is an endothelial cell-specific 
mitogen and survival factor and blocking VEGF with 
a neutralizing antibody exerts anti-tumor activity 
indirectly through effects on tumor endothelial cells 
rather than a direct effect on tumor cells. These ex- 
periments represented the first direct evidence that 
blocking angiogenesis could induce an anti-tumor 
response in human cancer. 

Similar results were reported by Warren using 
two different colon cancer cell lines, HM7 and LS- 
LiM6 (Warren et al. 1995). In addition to subcuta- 
neous xenograft experiments, they also described a 
model of hepatic metastases where a fixed quantity 
of HM7 cells was inoculated into the splenic pulp of 
immunodeficient mice, reliably producing large he- 
patic metastases within 28 days. Figure 35.3 shows 
the results of treatment with A4.6.1 versus control 
antibody starting 1 day after the tumor cell inocula- 
tion. The observations of Kim and Warren provided 
strong pre-clinical evidence that A4.6.1 might have 
anti-tumor activity in human use. 

The next step in the creation of bevacizumab 
involved humanization of A4.6.1 (Presta 1997). Al- 
though the potential therapeutic use of monoclonal 
antibodies had been recognized for decades, early 
clinical experiments with murine-derived antibod- 
ies were limited by the rapid and uniform develop- 
ment of neutralizing human anti-murine antibod- 
ies (HAMAs) (Miller et al. 1983). Chronic human 
administration would require some modification to 
traditionally generated murine antibodies in order 
to reduce or eliminate immunogenicity. The first 
approach to this problem involved the development 
of chimeric antibodies, constructed by combining 
mouse variable and human constant domains by 
linking the genes encoding for each domain and 
then expressing the recombinant antibody. Al- 
though successful in some instances, chimeric an- 
tibodies retain approximately 30% murine elements 
and are frequently immunogenic (Neuberger et al. 
1985). Subsequently, techniques were developed to 
graft only the specific complementary-determin- 
ing regions (CDRs), the hypervariable loops re- 
sponsible for antigen binding, of a murine antibody 
directly into a human antibody (Jones et al. 1986; 
Riechman et al. 1988). These initial humaniza- 


Fig. 35.3. Neutralizing antibody to 
human VEGF inhibits growth of ex- 
perimental hepatic metastases in the 
athymic mouse. One day after splenic- 
portal tumor cell inoculation (2 mil- 
lion HM7 cells), twice-weekly antibody 
injections were begun, and animals 
were killed after 4 weeks. Livers of 
representative animals are shown 


tion methodologies were cumbersome and time- 
consuming in identifying specific clones retaining 
the critical high-affinity binding characteristics of 
the parental murine antibody. However, advances 
in recombinant technology led to sophisticated 
methods of site-specific mutagenesis that allow for 
the rapid development and selection of humanized 
antibody constructs with optimal antigen binding 
characteristics (Carter et al. 1992). 

To create bevacizumab, previously identified 
murine CDRs from the murine parental antibody 
A4.6.1 were grafted onto the Vy and V, regions of a 
recombinant human IgGl framework. In addition to 
the CDRs, eight additional critical human to murine 
substitutions were identified via site-specific muta- 
genesis and affinity-binding experiments: seven in- 
volving the heavy chain and one involving the light 
chain. Figure 35.4 shows the specific amino acid se- 
quences of the V,, and V, domains of A4.6.1, the hu- 
man IgG, framework, and clone F,,,)-12, known as 
bevacizumab. Figure 35.5 shows a ribbon diagram 
of bevacizumab and the specific location of the criti- 
cal, non-CDR human to murine substitutions at H49, 
H69, H71, H73, H76, H78, H94, and L46, It is thought 
that these sequences indirectly influence the confor- 
mation of the respective CDR loops and the specific 
binding characteristics with VEGF. By engineering 
this humanized variant of A4.6.1, bevacizumab re- 
tains specific high-affinity binding with VEGF with 
a K4 of 1.8 nM, only a twofold reduction from the 
parental murine antibody A4.6.1 at 0.9 nM. Bevaci- 
zumab was then evaluated in vitro in a biologic assay 
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Fig. 35.4. Amino acid sequence of variable heavy and light 
domains of muMAbVEGF A4.6.1 humanized F(ab) with op- 
timal VEGF binding [F(ab)-12] and human consensus frame- 
works (humilll, heavy subgroup III; humKI, light K subgroup 
1). Asterisks, differences between humanized F(ab)-12 and 
the murine MAb or between F(ab)-12 and the human frame- 
work. CDRs are underlined 
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of VEGF-induced endothelial cell proliferation. As 
shown in Fig. 35.6, the inhibitory effects of bevaci- 
zumab were identical to the effect of A4.6.1. Finally, 
the anti-tumor activity of bevacizumab was assessed 
in vivo using A673 xenografts implanted subcutane- 
ously in immunodeficient mice. Figure 35.7 shows 
the marked, dose-dependent effect of both antibod- 
ies in this model. After the successful engineering of 
a humanized antibody retaining approximately 93% 
human elements and 7% murine elements, bevaci- 
zumab was ready for human testing. 


35.3 
Phase | and Pharmacokinetics 


The clinical development of bevacizumab was initi- 
ated in 1997, when 25 human subjects were enrolled 
in a phase I single-agent trial. Cohorts of five pa- 
tients received a single dose of bevacizumab, fol- 
lowed by a 4-week wash-out period and then three 
weekly doses. The doses evaluated were 0.1, 0.3, 1, 
3, and 10 mg/kg. Earlier pre-clinical experiments 
in A673 xenografts had suggested a plateau in anti- 
tumor activity at antibody concentrations exceeding 
10 pg/ml. Scaling from murine and primate phar- 


Fig. 35.5. Ribbon diagram of the model of hu- 
manized F(abl-12) VL and VH domains. The VL 
domain is shown in brown with CDRs in tan. The 
side chain of residue L46 is shown in yellow. The 
VH domain is shown in purple with CDRs in pink, 
Side chains of VH residues changed from human 
to murine are shown in yellow 
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Fig. 35.6. Inhibition of VEGF-induced mitogenesis. Bo- 
vine adrenal cortex-derived capillary endothelial cells were 
seeded at the density of 6x10° cells/well in six-well plates. 
Either muMAb VEGF A4,6.1 or rhuMAb VEGF (IgGl) was 
added at the indicated concentrations. After 2-3 h, rhVEGF,,; 
was added at the final concentration of 3 ng/ml. After 5 or 6 
days, cells were trypsinized and counted. Values shown are 
means of duplicate determinations. The variation from the 
mean did not exceed 10% 


macokinetic studies indicated that human doses be- 
tween 1.0 and 10 mg/kg should achieve trough con- 
centrations in excess of this targeted plasma level. 
Infusions were initially administered over 90 min 
and, if tolerated, subsequent infusions were admin- 
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Fig. 35.7, Inhibition of tumor growth in vivo. A673 rhab- 
domyosarcoma cells were injected in BALB/c nude mice at 
the density of 2x10° per mouse. Starting 24h after tumor 
cell inoculation, animals were injected with a control Mab, 
muMAb VEGF A.4.6,1, or rhuMab VEGF (IgGl) twice weekly, 
i.p. The dose of the control Mab was 5 mg/kg; the anti-VEGF 
Mabs were given at 0.5 or 5 mg/kg as indicated (n=10). Four 
weeks after tumor cell injection, animals were killed and 
tumors were removed and weighed. *Significant difference 
compared to the control group by ANOVA (P<0,05) 


istered over 30 min. In this experiment, the drug was 
well tolerated and no dose-limiting toxicities were 
observed. The commonest adverse events included 
asthenia, headache, and fever. Four patients devel- 
oped NCI-CTC grade 3 or 4 adverse events, including 
anemia (0.1 mg/kg dose), dyspnea (0.3 mg/kg dose), 
and two episodes of bleeding (both with the 3.0 mg/ 
kg dose). One of these bleeding events was an intra- 
cranial hemorrhage associated with an unsuspected 
CNS metastasis from hepatocellular carcinoma and 
the other was tumor-associated bleeding from a soft 
tissue sarcoma involving the thigh. Both systolic 
and diastolic blood pressure were noted to increase 
in excess of 10 mm Hg at the 3 mg/kg and 10 mg/kg 
dose levels at some point during the treatment pe- 
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riod. Of the 23 patients evaluable at day 70, 12 were 
reported to have stable disease while 11 had progres- 
sive disease. Of 7 patients with renal cell cancer, 5 
had stable disease with one demonstrating a minor 
response. 

The pharmacokinetic data from this trial are 
shown in Fig. 35.8. There were dose-related in- 
creases in Cmax concentrations ranging from 
2.8 pg/ml at 0.1 mg/kg to 284 ug/ml at 10 mg/kg, 
with corresponding increases in AUC and Cmin 
concentrations. Linear kinetics were observed at 
doses greater than 0.3 mg/kg and the half-life es- 
timate was 15 days, consistent with that of other 
humanized IgG] antibodies. Based on these PK and 
safety observations, the doses selected for phase II 
testing ranged from 3 to 10 mg/kg with a 2-week 
dosing interval or from 7.5 to 15 mg/kg with a 3- 
week interval, 


Phase Il Development 


Two important preclinical observations helped de- 
fine the approach to the phase II “proof of concept” 
program for bevacizumab. The first related to disease 
selection, while the second involved the selection 
of appropriate endpoints and clinical trial designs. 
Virtually all of the common malignant diseases had 
been previously been evaluated with respect to (1) 
the frequency of increased VEGF expression and/or 
other markers of angiogenesis (i.e. microvessel den- 
sity) and (2) the clinical consequences of increased 
VEGF expression, There was a consistent association 
between increased VEGF expression and unfavor- 
able clinical outcomes. However, the degree of VEGF 
overexpression was modest in most tumor collec- 
tions reported. The one exception to this finding 
was the clear-cell variant of renal cell cancer. This 
malignancy is commonly associated with mutations 
in the Von Hippel-Lindau (VHL) gene leading to 
constitutive activation of hypoxia-inducible factor 
1 alpha (HIFla) and subsequent high-level VEGF 
expression. No other tumor, with the exception of 
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grade 4 glioma, expresses these very high levels of 
VEGF. In pre-clinical xenograft experiments, the 
level of VEGF expression in human tumors did not 
correlate with the anti-tumor activity of anti-VEGF 
antibody therapy. Based on these observations, five 
tumor types were selected for phase II testing. These 
were clear-cell renal cell cancer, based on the unique 
VEGF-driven biology, and four common solid tu- 
mors with high unmet medical need: breast, lung, 
colon, and prostate cancer. 

Pre-clinical observations also provided impor- 
tant information with regard to clinical trial design 
and endpoint selection for the phase II program. A 
consistent finding in pre-clinical experiments with 
bevacizumab was the lack of objective tumor re- 
sponse or regression. In xenograft and orthotopic 
tumor models, bevacizumab resulted in delay of tu- 
mor growth rather than overt tumor shrinkage. This 
finding was consistent with the known anti-angio- 
genic mechanism of action and a predominant cyto- 
static effect. A second pre-clinical observation was 
that the activity of an anti-VEGF antibody seemed 
to be more impressive when combined with classical 
cytotoxic chemotherapy than when used as a single 
agent. These two critical observations, a primarily 
cytostatic mechanism of action and improved activ- 


Fig. 35.8. Mean serum 
rhuMAb VEGF concen- 
trations. Serum levels 

of rhuMAb VEGF after 
serial administrations 
(days 0, 28, 35, and 42) at 
doses of 0.1 (closed tri- 
angle), 0.3 (open square), 
1.0 (closed square), 3.0 
(open triangle), and 10.0 
(closed circle) mg/kg. 
Cohorts consist of four to 
five patients 
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ity in combination with chemotherapy, drove the 
basic design of the phase II program. 

Interpreting the clinical relevance of a delay in tu- 
mor growth in clinical trials, measured typically as 
a delay in time to tumor progression (TTP) or, more 
acceptably, an improvement in progression-free 
survival (PFS), which includes death prior to pro- 
gression as well as actual disease progression within 
the endpoint, is fraught with risk, particularly with- 
out the utilization of an untreated control popula- 
tion and treatment blinding by the use of placebo. 
Investigators and trial subjects with life-threatening 
medical conditions are often reluctant to participate 
in randomized and placebo-controlled trials, espe- 
cially those conducted as phase II experiments. Al- 
though often criticized for lacking statistical power 
for formal comparisons, randomized phase II de- 
signs provide a critical advantage over non-random- 
ized designs by minimizing selection bias. Drug de- 
velopment in oncology is littered with failed phase 
III experiments that were based on non-randomized 
phase II experiments where the "promising" out- 
come resulted from inadvertently biased selection 
of patients with unrecognized favorable pre-treat- 
ment characteristics rather than from the action of 
the new agent itself. Based on these observations, 


the phase II program with bevacizumab consisted 
of two components: three trials of single-agent be- 
vacizumab where both response rate (RR) and PFS 
were evaluated, and two trials of bevacizumab in 
combination with standard chemotherapy. Three of 
the five trials included a randomized phase II, con- 
trolled design. Based on the known mechanism of 
action and the toxicities reported in the phase I trial, 
all of the phase II trials had a common list of defined 
eligibility exclusions that included: no recent (<28 
days) surgery, no current anticoagulation, no known 
CNS involvement, no recent (<6 months) stroke or 
myocardial infarction, no significant (>grade 1) pro- 
teinuria, and no “uncontrolled” (>150/100) hyper- 
tension. In all of the clinical trials, bevacizumab was 
continued until disease progression or unacceptable 
toxicity. 


Phase II Single-Agent Program 


35.5.1 
Breast Cancer 


This clinical experiment, conducted in multiple 
institutions, was designed as a classic Simon two- 
stage trial with co-primary endpoints of RR and 
landmark PFS. The eligibility criteria required 
that patients had progressed on at least one prior 
chemotherapy regimen for metastatic disease, and 
72% had received two regimens or more. A total 
of 75 patients were eventually enrolled. At the first 
dose level/cohort of 3 mg/kg every 2 weeks, only 
a single response was observed in the first 18 pa- 
tients; based on the pre-specified analysis plan, 
a second cohort was then studied at 10 mg/kg. A 
total of 41 patients were enrolled in this cohort. 
Finally, an amendment to the protocol allowed an 
additional 16 patients to be enrolled at a dose level 
of 20 mg/kg every 2 weeks. Overall, bevacizumab 
was well tolerated in this study. Hypertension re- 
quiring medical therapy developed in 19% of the 
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patients and did not appear to be dose dependent. 
Proteinuria of any grade was seen in 24% of the 
patients, and serious proteinuria (>3.5g/24 h) was 
noted in 4%. This trial is noteworthy in that it is 
the only clinical experiment where a dose level of 
20 mg/kg every 2 weeks was evaluated, and 4/16 
patients (25%) developed severe headache associ- 
ated with nausea and vomiting. 

The overall RR in this trial was 7/75 patients 
(9.3%), with 1 response in the 3 mg/kg cohort, 5 in 
the 10 mg/kg cohort, and 1 in the 20 mg/kg cohort. 
In addition, the rate of non-progressive disease at 
day 154 was 16%. Based on these results, two phase 
III trials of bevacizumab in metastatic breast cancer 
were conducted; one trial compared capecitabine 
alone to the combination of capecitabine plus beva- 
cizumab in women with highly refractory disease, 
and the other compared paclitaxel alone to the com- 
bination of paclitaxel plus bevacizumab in newly 
diagnosed metastatic breast cancer (see Sect 35.7) 


35.5.2 
Renal Cell Cancer 


This clinical experiment was conducted exclusively 
at the National Cancer Institute in Bethesda, MD, 
USA. It was designed as a double-blind, placebo- 
controlled randomized phase II trial comparing 
placebo with two bevacizumab doses: 3 mg/kg and 
10 mg/kg every 2 weeks. In addition, patients in 
this trial received a "loading" dose of bevacizumab 
that was 150% of the assigned dose. Patients were 
required to have clear-cell histology, measurable 
disease, and progressive disease following inter- 
leukin (IL)-2 therapy or intolerance of IL-2. The 
primary endpoints were time to disease progres- 
sion (TTP) and RR. A total of 116 patients were 
enrolled. Patient characteristics are shown in Table 
35.1 and are balanced between the groups, over 
90% of the patients had progressed following IL-2 
therapy. 

The adverse events noted in this trial were simi- 
lar to those seen in phase I and included fever, hy- 
pertension, and proteinuria; the latter two were po- 
tentially dose dependent in this patient population, 
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with >90% having only a single kidney. Bleeding 
was also noted, typically epistaxis and/or hematu- 
ria of little clinical consequence. 

Although initially designed to enroll 150 pa- 
tients, the trial was stopped at the second, planned 
interim efficacy analysis when the Data Safety 
Monitoring Board determined that the TTP of 
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the high-dose group had crossed a pre-specified 
O'Brian-Fleming boundary for efficacy. The Ka- 
plan-Meier curves for each dose group compared 
to placebo are shown in Fig. 35.9 (Yang et al. 2003). 
The median TTP in the 10 mg/kg group was 4.8 
months (vs 2.5 months, p<0.001) and that in the 
3 mg/kg group was 3.0 months (vs 2.5 months, 
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Fig. 35.9a,b. Ka- 
plan-Meier analysis 

of survival-free tumor 
progression for patients 
receiving high-dose 
bevacizumab (a) or low- 
dose bevacizumab (b), 
compared with placebo. 
The high dose of beva- 
cizumab was 10 mg per 
kilogram of body weight. 
The low dose of bevaci- 
zumab was 3 mg per kilo- 
gram. Doses were given 
every 2 weeks. P values 
were calculated using the 
log-rank test 


24 30 36 


p=0.041). In a pre-planned landmark analysis at 8 
months from randomization the proportion of pa- 
tients free from disease progression was 5% (pla- 
cebo), 14% (3 mg/kg) and 30% (10 mg/kg). Only 
four patients, all in the 10 mg/kg dose group, had 
objective responses. These results were consistent 
with the pre-clinical experiments suggesting that 
objective RRs would underestimate the full clinical 
benefit from bevacizumab, which would be better 
captured via lengthening TTP. Based on these re- 
sults, two phase III trials are being conducted in 
newly diagnosed metastatic renal cell cancer, both 
comparing interferon alpha alone to interferon al- 
pha plus bevacizumab (Table 35.1). 
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35.5.3 
Prostate Cancer 


A small phase II open-label, single-agent clinical 
experiment was conducted exclusively at UCSF San 
Francisco, CA, USA with a classic Simon two-stage 
design. The dose selected was 10 mg/kg every 2 
weeks and the primary endpoint was RR. A total 
of 15 men with hormone-refractory prostate cancer 
were enrolled. The first tumor evaluation was con- 
ducted at day 70 following six infusions of bevaci- 
zumab. Of the 14 patients who were evaluable, none 
had an objective response, 7 had progressive disease 


Table 35.1. Characteristics of patients before treatment (p>0.05 for all comparisons) 


Characteristic High-dose bevacizumab Low-dose bevacizumab Placebo 
(n=39) (n=37) (n=40) 
Median age (years) 53 54 53 
Male sex (%) 74 84 68 
ECOG performance status (no.)* 
0 30 30 31 
lor2 9 7 9 
Prior interleukin-2 ther- 37 34 37 
apy (no.) 
Prior chemotherapy (no.) 10 7 8 
Prior radiation therapy 8 6 12 
(no.) 
Prior nephrectomy (no.) 35 33 38 
Anemia (no.) 14 15 16 
Hypercalcemia (no.) 12 18 14 
Interval from diagnosis to 14 13 12 
randomization (no.) 
1-2 years 8 6 9 
"ECOG denotes Eastern >2 years 17 18 19 
Cooperative Oncology 
Group. Higher perfor- Liver involvement (no.) 10 10 10 
mance status indicates Bone invölvement (no) 2 3 6 


greater impairment. 
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and 7 had stable disease. Too few patients with stable 
disease remained on bevacizumab to evaluate the 
potential for prolonged disease control. There were 
no new safety issues noted in this trial. Despite these 
results, other investigators elected to combine be- 
vacizumab with both docetaxel and estramustine, 
with promising results which led to a phase III trial 
currently being conducted (CALGB 90401) compar- 
ing docetaxel alone to docetaxel plus bevacizumab 
in hormone-refractory prostate cancer. 


Phase II Combination Program 


35.6.1 
Colon Cancer 


Between June and November 1998, a total of 104 
patients were enrolled from 36 centers in a three- 
arm, randomized controlled clinical experiment 
(Kabbinavar et al. 2003). Patients were required to 
have metastatic colon or rectal cancer with measur- 
able disease and no prior chemotherapy for meta- 
Static disease. The three treatment groups included 
standard bolus 5-fluorouracil (SFU) and leucovo- 
rin (LV) delivered weekly for 6 weeks followed by a 
2-week rest (Petrelli et al. 1989), either alone (con- 
trol) or with bevacizumab at a dose of 5 mg/kg or 
10 mg/kg every 2 weeks. Treatment was continued 
until documented disease progression and, at that 
time, patients in the control arm were permitted 
to receive bevacizumab alone at 10 mg/kg every 2 
weeks. The primary endpoints were TTP and RR. 
The patient baseline characteristics are shown in 
Table 35.2. There were some modest imbalances in 
the three groups, including gender, adjuvant ther- 
apy, and extent of known metastases which could 
influence the interpretation of the results given the 
small overall sample size. 

At the time of the planned analysis, the overall 
RR was 17% in the control group versus 40% in the 
5 mg/kg bevacizumab group (p=0.029) and 24% in 


the 10 mg/kg group (p=0.434). In addition, 22 of 
the 36 patients in the control arm crossed over to 
receive single-agent bevacizumab and 2 patients ex- 
perienced a response with an additional 7 patients 
achieving stable disease. The detailed data regard- 
ing PFS are shown in Table 35.3. There were signifi- 
cant improvements in PFS in the 5 mg/kg group and 
an exploratory, pooled analysis of both dose levels. 
The adverse event profile, shown in Table 35.4, was 
similar to that seen with the single-agent trials, in- 
cluding mild bleeding (epistaxis) and hypertension 
with possible increases in the rate of both bleeding 
and thrombotic events. These results formed the 
basis for three phase III trials of bevacizumab in 
colorectal cancer, in combination with 5FU/LV, 5FU/ 
LV and irinotecan, and 5FU/LV and oxaliplatin (see 
Sect. 35.7) 


35.6.2 
Non-small Cell Lung Cancer 


This clinical experiment was designed to be very 
similar to the phase II trial in colorectal cancer. 
During1998, a total of 99 patients were enrolled 
from 12 centers in a three-arm, randomized, con- 
trolled trial comparing standard chemotherapy 
with carboplatin and paclitaxel (CP) alone to CP 
with two different dose levels of bevacizumab: 
7.5 mg/kg or 15 mg/kg every 3 weeks. The chemo- 
therapy was delivered for six cycles and the beva- 
cizumab was given concurrently and then contin- 
ued after chemotherapy every 3 weeks until disease 
progression. Patients were required to have previ- 
ously untreated inoperable stage IIIB or stage IV 
non-small cell lung cancer (NSCLC). The primary 
endpoints were time to disease progression and RR. 
Again, at progression in the control group, patients 
were permitted to receive bevacizumab alone at the 
15 mg/kg dose level. The baseline characteristics 
of the patients are shown in Table 35.5. The one 
noticeable imbalance is the relatively large number 
of patients (10) with squamous cell histology in the 
7.5 mg/kg group. 

The overall efficacy results are shown in 
Table 35.6 and Fig. 35.10 (Johnson et al. 2004). This 
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Table 35.2. Baseline patient characteristics (from Kabbinavar et al. 2003) 


Control 
(n=36) 
Characteristic No. of 
patients 
Sex 
Male 27 
Female 9 


ECOG performance status 


0 22 
1 14 
2 0 


Prior cancer therapy 


Adjuvant chemo- 8 
therapy 

Radiation therapy 5 
Surgery 35 
No. of metastatic sites 

1 23 
2 10 
23 3 


Sites of metastases 


Liver 25 
Lung 8 
Liver and lung 4 
Baseline albumin 2 
<3 g/dl 


Bevacizumab 


5 mg/kg 


Total 
(n=104) 
No. of 
patients 


10 mg/kg 
(n=33) 
No. of 
patients 


(n=35) 
No. of 
patients 


75 17 49 15 46 59 57 
25 18 51 18 54 45 43 
6l 21 60 18 54 6l 59 
39 14 40 14 42 42 40 
0 0 0 1 3 1 1 

22 5 14 7 21 20 19 
14 5 14 5 15 15 14 
97 28 80 28 85 91 88 
64 20 57 17 52 60 58 
28 9 26 10 30 29 28 
8 6 17 6 18 15 14 
69 29 83 27 82 8l 78 
22 14 40 12 36 34 33 
11 9 26 8 24 21 20 
6 6 17 5 15 13 13 


trial utilized an independent, blinded radiology re- 
view facility (IRF) in addition to the investigators 
to assess the efficacy endpoints in the trial, and Ta- 
ble 35.6 includes both sets of data. There appeared 
to be improved clinical benefit, including response, 
TTP and survival, in the 15 mg/kg group compared 
to control, with the investigator assessment of TTP 
reaching statistical significance (4.2 vs 7.4 months, 
p=0.023); however, little or no benefit was noted inthe 


7.5 mg/kg group. A total of 19 patients crossed over 
from the control arm at progression and received 
single-agent bevacizumab. Although no patient had 
a response, five patients experienced disease stabi- 
lization and remained on drug for greater than 6 
months. The adverse events noted in this trial, shown 
in Table 35.7, again were similar to those noted in 
the phase II program and included headache, hyper- 
tension, epistaxis, and thrombosis. However a new, 
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Table 35.3. Analysis of PFS outcomes (from Kabbinavar et al. 2003) 


Bevacizumab 
Assessment Control 5 mg/kg 
(1=36) (n=35) 
No. of progressions 26 22 23 45 
Patients free of progression,% 28 37 30 34 


Time to progression 


Median, months 5.2 9,0 7.2 7.4 
Range, months 0.2-11.0+ 0.6£13.5+ 0.7+12.7 0.6+12.7 
Hazard ratio, unadjusted - 0.46 0.66 0.54 
95% Confidence interval 3.5-5.6 5,8-10.9 3.8-9.2 5.7-9.2 
p, log-rank - .005 .217 .013 


Table 35.4. Adverse event profile (from Kabbinavar et al. 2003) 


Bevacizumab 

Control 5 mg/kg 10 mg/kg 

(n=35) (m=35) (n=32) 

All events Grade 3/4 All events Grade 3/4 All events Grade 3/4 

No.of % No. of pa- No. of % No. of No. of patients 

patients tients patients patients 
Any event 35 100 19 35 100 26 32 100 25 
Diarrhea 29 83 13 32 91 10 24 75 10 
Leukopenia 1 3 1 4 11 2 1 3 1 
Stomatitis 6 17 0 8 23 0 6 19 0 
Fever 4 11 0 13 37 0 11 34 1 
Headache 5 14 0 11 31 0 12 38 1 
Rash 7 20 0 16 46 1 11 34 0 
Chills 1 3 0 5 14 0 5 16 0 
Abdominal pain 19 54 1 16 46 3 15 47 4 
Weight loss 8 23 0 5 14 1 3 9 0 
GI hemorrhage 0 0 0 2 6 0 5 16 3 
Epistaxis 4 11 0 16 46 0 17 53 0 
Hypertension 1 3 0 4 11 3 9 28 8 
Infection 7 20 0 14 40 0 8 25 l 
Thrombotic 3 9 1 9 26 5 4 13 2 


events 
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Table 35.5. Baseline patient characteristics (from Phase II Non-small Cell Lung Cancer Trial) 


Bevacizumab 


Parameter Control 
(n =32) 
Sex 
Female 8 
Male 24 


ECOG status 
0 15 
1 15 
2 2 


Duration of current cancer 


<l year 22 
l year 4 
2 years 2 
23 years 4 


Prior cancer therapy 


Any 13 
Radiation 8 
Other* 11 
Histology 
Adenocarcinoma 17 
Large-cell anaplastic 4 
Squamous cell 7 
Other 4 


Cancer stage 
IIIB 6 
IV 26 


7.5 mg/kg 
(n=32) 


15 mg/kg 
(n=35) 


12 19 39 
20 16 60 
16 19 50 
15 12 42 
1 4 7 
24 28 74 
2 4 10 
2 l 5 
4 4 10 
10 10 33 
9 7 24 
7 9 27 
20 23 60 
1 5 10 
10 3 20 
1 4 9 
2 7 15 
30 28 84 


serious toxicity was noted: life-threatening or fatal 
pulmonary hemorrhage. Six of these events were re- 
ported, four resulting in death. Five of the six events 
occurred in the 7.5 mg/kg group, and four occurred 
in patients with squamous cell histology. Because of 
the significant imbalance, with over-representation 
of squamous cell cancer patients in the 7.5 mg/kg 
group, an exploratory analysis was conducted which 


excluded these patients from all three groups. This 
result showed a dose-dependent improvement in all 
three efficacy endpoints: RR of 20% vs 32% vs 50%, 
TTP of 4.0 months vs 6.3 vs 7.0, and survival of 12.2 
months versus 14 vs 17. It was this subset analysis 
which led to a phase III trial comparing CP alone to 
CP plus bevacizumab at 15 mg/kg in non-squamous 
NSCLC (see Sect. 35.7). 
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Table 35.6. Overall efficacy results (from (from Phase II Non-small Cell Lung 


Cancer Trial) 


Response rate, % 
Investigator 
IRF 

TTP, months 
Investigator 

Median 
Range 
IRF 
Median 
Range 

Survival, months 
Median 
Range 

P 


Bevacizumab 


Control 


7.5 mg/kg 


(n=32) (n=32) 


18.8 28.1 31.5 

31.3 21.9 40.0 

4.2 4.3 7.7 

0-12.6* 0.2-12.9* 0.7-12.5 

5.9 4.1 7.0 

0.2-12.6* 0.2-13.1* 0.3-13.2* 

14.9 11.6 17.7 

0.2-57.0 0.2-56.8* 0.8-57.8* 
.84 63 


Fig. 35.10. Kaplan-Meier 
curve showing time to 
progression according to 
independent review facil- 
ity/investigator assess- 
ment for carboplatin/ 
paclitaxel (control), beva- 
cizumab 7.5 mg/kg and 
bevacizumab 15 mg/kg 
arms, respectively 
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80 =--- 7.5 mg/kg 


saam Control 


Percent Progression-Free 


0 10 20 30 40 50 


Time to Progression (months) 


60 


The Development in Avastin 


Table 35.7. Adverse events (from Phase II Non-small Cell Lung Cancer Trial) 


Control 

All events 

No. of % 

patients 
Chills 3 9.4 0 
Diarrhea 6 18.8 0 
Epistaxis 2 6.3 0 
Fever 4 12.5 0 
Headache 3 9.4 0 
Hemorrhage 0 0 0 
Hypertension 1 3.1 1 
Hemoptysis 2 6.3 0 
Infection 8 25.0 1 
Leukopenia 10 31.3 7 
Nausea 15 46.9 l 
Neuropathy 9 28.1 0 
Paresthesia 7 21.9 0 
Peripheral neu- 9 28.1 1 
ritis 
Rash 3 9.4 0 
Stomatitis 3 9.4 0 
Thrombocyto- 5 15.6 0 
penia 
Thrombotic 3 9.4 3 
events 
Vomiting 6 18.8 1 


7.5 mg/kg 15 mg/kg 

All events All events 

No. of No. of % 

patients patients 

4 12.6 0 4 11.8 0 
9 28.1 3 14 41.2 1 
10 313 0 15 44.1 0 
11 34.4 2 11 32.4 2 
10 31.3 1 16 47.1 2 
4 12.5 2 0 0 0 
5 15.6 0 6 17.6 2 
9 28.1 3 4 11.8 1 
10 31.3 0 12 36.3 2 
15 46.9 10 19 55.9 13 
16 50.0 1 17 50.0 2 
4 12.5 0 5 14.7 1 
9 28.1 0 12 35.3 0 
8 25.0 0 13 38.2 2 
ll 34.4 0 8 23.5 0 
5 15.6 0 8 23.5 0 
2 6.3 0 7 20.6 1 
4 12.5 2 6 17.6 5 
6 18.8 1 8 23.5 1 


35.6.3 
Phase Il Program Summary 


At the completion of these phase II experiments 
there were some consistent conclusions. First, be- 
vacizumab appeared to have clinical activity in hu- 
man cancer. The results in renal cell cancer were 
particularly compelling, but all of the phase II tri- 
als, with the exception of prostate cancer, clearly 


indicated activity. The results tended to confirm the 
pre-clinical observations that RR was a poor sur- 
rogate for clinical activity and that delay in tumor 
progression was clearly a better endpoint for on- 
going clinical experiments. The significant number 
of patients demonstrating prolonged stable disease 
during cross-over from the control groups to single- 
agent bevacizumab in the colon and NSCLC trials 
reinforces this finding. This work also defined a 
preliminary adverse event profile for bevacizumab 
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which included hypertension, proteinuria, thrombo- 
sis and bleeding with a unique finding of life-threat- 
ening and fatal pulmonary bleeding in patients with 
NSCLC. These adverse events would become a focus 
of the phase III programs. 


ili Program 


35.7.1 
Dose Selection 


At the completion of the phase II program ques- 
tions remained regarding the optimal dose of be- 
vacizumab to evaluate in phase III trials. No ob- 
vious dose-limiting toxicities had been observed, 
although doses in excess of 15 mg/kg every 3 weeks 
seemed unwise, given the headache syndromes ob- 
served in the single-agent phase II breast cancer 
program. Pharmacokinetic data had demonstrated 
that doses between 2.5 mg/kg/week (5 mg/kg every 
2 weeks or 7.5 mg/kg every 3 weeks) and 5.0 mg/kg/ 
week (10 mg/kg every 2 weeks or 15 mg/kg every 3 
weeks) achieved steady-state trough concentrations 
that were in excess of the targeted optimal inhibi- 
tory concentration of 10ug/ml extrapolated from 
xenograft models. These concentrations of bevaci- 
zumab were approximately 3 logs higher than the 
concentration of circulating VEGF, and “saturation” 
of target was estimated to occur with bevacizumab 
doses of greater than 0.1-0.3 mg/kg. Despite these 
pharmacokinetic observations, the clinical results 
in three of the four dose-ranging phase II trials 
suggested a dose effect, including studies in breast, 
lung, and renal cell cancers. The one exception to 
this observation occurred in the colorectal study, 
where the results with the lower dose level appeared 
to be superior to those obtained at the higher dose 
level. Whether this observation may have been a 
chance event, given the small sample size of the 
study, remains an unanswered question. However, 
based on the clinical results of these phase II tri- 


als, the dose of bevacizumab selected for phase III 
testing was 5 mg/kg/week, with the exception of 
colorectal cancer, where the lower dose of 2.5 mg/ 
kg/week was also studied. 


35.7.1.1 
Colorectal Cancer 


The pivotal phase III trial of bevacizumab com- 
bined with chemotherapy for the initial treatment of 
metastatic colorectal cancer (CRC), known as study 
AVF2107, involved a complicated study design (Hur- 
witz et al. 2004). The enabling phase I] experiment 
had been conducted with the chemotherapy regimen 
of bolus 5FU and leucovorin LV, one of several com- 
monly accepted “standard” regimens at the time for 
treating CRC. The initial intent of the phase III ex- 
periment was simply to repeat the phase II design 
with sufficient power to demonstrate a statistically 
significant effect on patient survival. However, just 
as the study design was being finalized, a new che- 
motherapy regimen emerged for the treatment of 
CRC, specifically irinotecan with 5FU and LV, or 
IFL (Saltz et al. 2000). It was apparent that a phase 
III study of bevacizumab with 5FU/LV would not be 
acceptable for patients given the newly established 
standard of IFL. However, bevacizumab had never 
been combined with IFL, which itself had some 
significant toxicities, including diarrhea, myelosup- 
pression and thromboembolic events. In order to 
avoid a significant delay in the phase III program, 
the CRC trial incorporated a novel design element 
that pre-specified a regimen selection process early 
in the conduct of the phase III trial. 

The clinical experiment was initiated in Sep- 
tember 2000 in the United States, New Zealand and 
Australia and completed recruitment of 923 patients 
by May 2002. Initially patients were randomly as- 
signed to one of three treatment groups; the control 
group of IFL plus placebo, one experimental group 
of 5FU/LV plus bevacizumab, and a second experi- 
mental group of IFL plus bevacizumab. All treat- 
ment including chemotherapy and bevacizumab or 
placebo was continued until the time of disease pro- 
gression. After 313 patients were enrolled, an inde- 
pendent data safety and monitoring board (DSMB) 


conducted a formal safety interim analysis. The 
specific intent of that interim analysis was to de- 
termine the safety of combining bevacizumab with 
IFL. If the DSMB determined that the combination 
was safe, then the experiment would become a two- 
group study of IFL with or without bevacizumab. 
If the DSMB determined that the combination was 
unsafe, the experiment would become a two-group 
study of IFL versus 5FU/LV plus bevacizumab. In 
fact, the DSMB determined that the combination of 
bevacizumab and IFL was safe and the trial pro- 
ceeded as a simple two-group comparison of IFL 
plus placebo or bevacizumab. The primary end- 
point of the study was overall survival (OS), and it 
was designed to have 80% power to detect a hazard 
ratio of 0.75 for death with a type 1 error of less than 
5%. To achieve this power approximately 385 deaths 
were required for the final analysis, and a total of 813 
patients were randomized between the two primary 
comparison groups. Stratification variables included 
baseline performance status, site of primary disease 
(colon vs rectum), number of metastatic sites (one vs 
two or more), and study center. In addition to sur- 
vival, PFS, overall RR and response duration were 
important secondary efficacy endpoints. 

The patient characteristics are shown in Table 
35.8. There was good balance for all of the stratifi- 
cation variables and other important demographic 
and prognostic characteristics. 

The overall efficacy results of the study are shown 
in Table 35.9 and Fig. 35.11. It achieved the primary 
goal of improving the survival of patients with ad- 
vanced CRC, with a 34% reduction in the hazard of 
death for the group receiving bevacizumab com- 
pared to the control IFL group. In addition there 
were highly significant improvements in both PFS 
and RR. 

In addition to the overall treatment effect, the 
survival benefit was also analyzed in a number of 
pre-specified patient subsets, including age, gender, 
race, performance status, location of primary tu- 
mor (colon vs rectum), number of metastatic sites 
(1 vs >1), prior adjuvant therapy (yes vs no), tumor 
burden by volume (<median vs 2 median), albu- 
min (<median vs 2 median), alkaline phosphatase 
(<median vs 2 median), and lactate dehydrogenase 
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Table 35.8. Demographic and baseline patient characteris- 
tics (from Hurwitz et al. 2004) 


Characteristic IFL plus placebo IFL plus 
bevacizumab 
(n=411) (n=402) 
Sex (%) 

Male 60 59 
Female 40 41 
Mean age (years) 59.2 59.5 

Race (%) 
White 80 79 
Black 11 12 
Other 9 9 
Location of center (%) 
USA 99 99 
Australia or <l <1 
New Zealand 
ECOG performance status (%) 
0 55 58 
l 44 4] 
2 <l <l 
Type of cancer (%) 
Colon 8l 77 
Rectal 19 23 
No. of metastatic sites (%) 
1 39 37 
>1 61 63 
Prior cancer therapy (%) 
Adjuvant 28 24 
chemotherapy 
Radiation therapy 14 15 
Median duration of 4 4 
metastatic disease 
(months) 
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Table 35.9, Overall efficacy (from Hurwitz et al. 2004) 


Endpoint IFL plus placebo 
Median survival (mo) 15.6 

Hazard ratio for death 
One-year survival rate (%) 63.4 
Progression-free survival (months) 6.2 

Hazard ratio for progression 
Overall response rate (%) 34,8 

Complete response 2.2 

Partial response 32.6 


Median duration of response (months) 7.1 


(<median vs 2 median). Interestingly, there was sig- 
nificant and consistent benefit in every patient sub- 
set analyzed. 

Overall, the combination of IFL and bevacizumab 
was well tolerated and selected adverse event infor- 
mation is shown in Table 35.10. There were signifi- 
cantly higher rates of grade 3 or 4 adverse events 
in the combination group, primarily represented 
by an increase in hypertension, an adverse event 
that was well described in the phase II program. 
Grade 5 adverse events (death) and overall 60-day 
mortality were similar in both groups. It was inter- 
esting that the rates of thrombosis were quite high in 
both treatment arms, and these results underscore 
the importance of placebo-controlled randomized 
studies in assessing unbiased safety information 
in clinical drug development. There was also no 
increase in the rate of serious bleeding or protein- 
uria, safety events that had been noted during the 
open-label phase II program. One important new 
safety issue was noted in this study, namely gastro- 
intestinal perforation. This event was observed in 
six bevacizumab-treated patients versus none in the 
control group. The presentations were variable and 
included predominantly large-bowel perforations 
but also gastric perforation. The underlying etiology 
remains unclear, but may represent a spectrum of 
impaired wound healing, occurring in patients with 
a variety of bowel pathologies (benign gastric ul- 


IFL plus bevacizumab p value 


20.3 <0.001 
0.66 

74.3 <0.001 
10.6 <0.001 
0.54 

44.8 0.004 
3.7 

41.0 

10.4 0.001 


ceration, diverticular disease, recent bowel surgery, 
or malignant bowel involvement). Further study is 
required to better understand the potential risks of 
this serious complication. 

One interesting exploratory analysis reported 
from this study involved the assessment of the treat- 
ment effect obtained from bevacizumab in patients 
who either did or did not obtain an objective response 
to their assigned therapy. Traditional cytotoxic thera- 
pies for cancer are typically assessed by their ability 
to shrink cancers, and the lack of an objective tumor 
response is usually viewed as evidence of no activ- 
ity. In addition, chemotherapy is often discontinued 
at the time of "maximal" tumor response, the lack of 
further tumor shrinkage again being interpreted as a 
surrogate for no further activity or benefit. Because 
bevacizumab provided a much greater benefit on end- 
points of PFS and OS as compared to RR in the phase 
III trial, the results implied that even patients who 
do not demonstrate objective tumor response might 
gain significant benefit from the agent. Figure 35.12 
shows the results of these exploratory analyses. Al- 
though patients with objective tumor responses had 
longer PFS and OS, the actual treatment effect from 
bevacizumab as assessed by the hazard ratio for pro- 
gression or death was similar in the responding and 
non-responding patient groups. This observation is 
consistent with the predominantly cytostatic effects 
of bevacizumab and underscores the importance of 


Fig. 35.11a,b. Kaplan- 100 
Meier estimates of PFS 
(top) and OS (bottom) 
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differentiating this biologic agent from traditional 
chemotherapy when designing endpoints for clini- 
cal experiments in addition to assessing its benefit in 
routine clinical use. 

The significance of the overall results of the study 
by Hurwitz and colleagues (Hurwitz et al. 2004) 
should not be underestimated. This represented the 


first definitive experiment showing clinical benefit 
associated with the use of a specific anti-angiogenic 
agent in the treatment of human cancer and essen- 
tially validated the hypothesis of Ferrara that block- 
ing VEGF signaling with a specific humanized anti- 
body would represent a novel therapeutic strategy 
in oncology. 
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Table 35.10. Selected adverse events (from Hurwitz et al. 2004) 


Adverse event 


(n=397) 


% 
Any grade 3 or 4 adverse event 74.0 
Adverse event leading to hospitalization 39.6 


Adverse event leading to discontinuation of treatment 7.1 


Adverse event leading to death 2.8 
Death within 60 days 4.9 
Grade 3 or 4 leukopenia 31.1 
Grade 3 or 4 diarrhea 24.7 
Hypertension 

Any 8.2 

Grade 3 2.3 
Any thrombotic event 16.2 
Deep thrombophlebitis 6.3 
Pulmonary embolus 5.1 
Grade 3 or 4 bleeding 2.5 
Proteinuria 

Any 21.7 

Grade 2 5.8 

Grade 3 0.8 
Gastrointestinal perforation 0.0 


IFL plus placebo 


IFL plus bevacizumab 


(n=393) 


34.9 
44.9 
8.4 
2.6 
1.0 
37.0 
32.4 


22.4 
11.0 
19.4 
8.9 
3.6 
3.1 


36.5 
3.1 
0.8 
1.5 


In addition to the pivotal phase III trial with IFL 
in CRC, a second supportive randomized phase II 
experiment was conducted concurrently in a group 
of first-line patients not felt to be candidates for 
IFL chemotherapy (Kabbinavar et al. 2005). Study 
AVF2192 required patients to have at least one of 
four known features that predicted either lack of 
benefit or increased toxicity from the addition of 
irinotecan to SFU/LV based therapy: age 265 years, 
performance status of 1 or 2, serum albumin $3.5 g/ 
dl, or prior radiotherapy to the abdomen or pelvis. 
The trial design was a straightforward comparison 
of 5FU/LV plus placebo versus 5FU/LV plus bevaci- 


zumab. The primary endpoint was OS, with second- 
ary endpoints of PFS, RR, and duration of response 
along with safety. Between August 2000 and July 
2002, 209 patients were randomized between the 
two treatment groups, stratified for baseline perfor- 
mance status (0 vs 1 or 2), site of primary disease 
(colon vs rectum), number of metastatic sites (1 vs 
>1), and study center. The study was relatively small 
and had 80% power to detect a hazard ratio of 0.61 
for death with a type 1 error of <5%, which required 
approximately 133 deaths. 

The baseline demographic characteristics are 
shown in Table 35.11 and are reasonably well bal- 


Table 35.11. Selected demographic and baseline characteris- 
tics (from Kabbinavar et al. 2005) 


Characteristic 5-FU/LV/ 5-FU/LV/ 
placebo bevacizumab 
(n=105) (n=104) 

Sex 

Male 51% 56% 

Female 49% 44% 
Mean age (years) 70.7 71.3 
Race 

White 85% 83% 

Black 7% 10% 

Other 9% 8% 
ECOG performance status 

0 28% 29% 

1 67% 64% 

2 6% 8% 
Cancer type 

Colon 80% 82% 

Rectal 20% 18% 
Number of metastatic sites 

1 31% 39% 

>1 70% 62% 
Prior cancer therapy 

Adjuvant chemo- 21% 19% 

therapy 

Radiation therapy 14% 15% 
Albumin 

3.5 g/dl 51 (49%) 42 (42%) 

>3.5 g/dl 53 (51%) 57 (58%) 


anced between the two groups, with the exception 
of a lower proportion of patients with low serum al- 
bumin in the bevacizumab group. 

The overall efficacy results are shown in Table 35.12 
and Fig. 35.13. Although the trial did not achieve the 
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primary endpoint of a 39% reduction in the hazard 
of death, the estimated improvement in median sur- 
vival observed in this trial, 3.7 months, was similar 
to the 4.7 months survival benefit observed in the 
pivotal IFL trial. Study AVF2192 did demonstrate a 
significant improvement in PFS, with a hazard for 
progression of 0.50, and a borderline significant im- 
provement in RR, 15.2% versus 26.0%. These results 
were particularly encouraging given the poor prog- 
nostic group of patients studied in this experiment 
and the lack of effective treatment options beyond 
5FU/LV that had been demonstrated to date. 

The incidence of selected adverse events in this 
experiment is shown in Table 35.13 and is consis- 
tent with the safety profile of bevacizumab that was 
observed in the pivotal phase III trial with IFL. The 
only significant adverse event that occurred at a sta- 
tistically higher rate in the bevacizumab group was 
grade 3 hypertension (3% vs 16%). Again, gastroin- 
testinal perforation was observed in 2 of the 100 pa- 
tients randomly assigned to the bevacizumab group 
versus none in the placebo group, further support- 
ing the conclusion that this event is uncommon but 
associated with bevacizumab use in CRC. 

Another large phase III trial of bevacizumab in 
CRC has recently been reported which adds to the 
previous three randomized trials of bevacizumab in 
the treatment of this disease (Fig. 35.14; Giantonio et 
al. 2007). As previously noted, during the develop- 
ment of bevacizumab in CRC several improvements 
were reported in chemotherapeutic approaches to 
the disease. On the basis of a number of random- 
ized trials it was determined that the infusional 
delivery of 5FU was safer and more effective than 
bolus schedules of the agents (Meta-analysis Group 
in Cancer 1998). Furthermore, two new cytotoxic 
agents were developed for the disease; irinote- 
can (CPT-11) and oxaliplatin (Saltz et al. 2000; de 
Gramont et al. 2000; Rothenberg et al. 2003). 

With this background information available, 
the Eastern Cooperative Oncology Group (ECOG) 
in collaboration with the National Cancer Insti- 
tute conducted a phase III trial comparing an in- 
fusional 5FU/LV plus oxaliplatin regimen known 
as FOLFOX4 with and without bevacizumab for pa- 
tients with relapsed metastatic CRC who had previ- 
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IFL/Placebo (responders, n=143) 
IFL/BV (responders, n=180) 
IFL/Placebo (non-responders, n=268) 
IFL/BV (non-responders, n=222) 


Fig. 35.12a,b. Bevaci- 
zumab treatment effect 
(top, PFS; bottom, OS) 
in responding and 
non-responding patient 
groups (from Mass et al. 
2004) 
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BV= bevacizumab; IFL= irinotecan, 5-fluorouracil, and leucovorin 


ously been treated with both 5FU/LV and irinotecan. 
It is important to note that the dose of bevacizumab 
utilized in this clinical study was 5 mg/kg/week, 
rather than the 2.5 mg/kg/week dose used in the 
pivotal phase III first-line CRC study. In addition to 
this primary comparison, a third treatment group 
received bevacizumab alone. The trial was designed 
to provide 90% power to detect a 50% improve- 
ment in survival (from 7 months to 10.5 months) 
for the primary comparison (FOLFOX vs FOLFOX 
plus bevacizumab) with a type 1 error of <5%, PFS, 


IFL/Placebo (responders, n=143) 
IFL/BV (responders, n=180) 
IFL/Placebo (non-responders, n=268) 
IFL/BV (non-responders, n=222) 


30 40 


landmark 1-year survival, and RR were secondary 
efficacy endpoints. Between November 2001 and 
April 2003 a total of 820 patients known to meet the 
eligibility requirements were randomized utilizing 
two stratification variables, prior radiation therapy 
(yes vs no) and performance status (0 vs 1 vs 2). In 
February 2003, the DSMB determined during a 
planned interim analysis that the bevacizumab alone 
group appeared to have survival inferior to that in 
the FOLFOX groups and randomization to the beva- 
cizumab alone group was closed. The final intent-to- 
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Table 35,12. Summary of efficacy analysis (from Kabbinavar et al. 2005) 


Efficacy parameter 


5-FU/LV/bevacizumab 


p value 


5-FU/LV/placebo 


(n=105) (n=104) 


Median survival (months) 12.9 16.6 0.160 
Hazard ratio 0.79 
95% CI 0.56-1.10 

Progression-free survival (months) 5.5 9.2 0.0002 
Hazard ratio 0.50 
95% CI 0.34 to 0.73 

Overall response rate (%) 15.2 26.0 0.055 
Complete response 0 0 
Partial response 15.2 26.0 

Duration of response (months) 6.8 9.2 0.088 
Hazard ratio 0.42 
95% CI 0.15 to 1.17 


treat analysis included 291 patients in the FOLFOX 
group, 286 in the FOLFOX plus bevacizumab group, 
and 243 in the bevacizumab alone group. The base- 
line demographics and disease characteristics are 
shown in Table 35.14 and are well balanced between 
the groups. 

The efficacy results are shown in Table 35.15 and 
Fig. 35.15. The trial achieved its pre-specified end- 
point of improving OS, with an observed hazard ra- 
tio for death of 0.75 (p=0.001) and an absolute 13% 
higher rate of l-year survival when bevacizumab 
was added to FOLFOX chemotherapy in relapsed 
CRC. In addition to the survival benefit, highly sig- 
nificant improvements in both PFS and RR were 
also observed. Although the DSMB closed recruit- 
ment to the bevacizumab alone group, the final sur- 
vival analysis did not suggest inferior results when 
compared to FOLFOX alone (10.2 months vs 10.8 
months); however, PFS and RR both appeared to be 
better in the FOLFOX-containing groups, although 
formal comparative statistics were not reported for 
group B vs group C. 

As noted in the previous studies of bevacizumab 
in CRC, the drug was well tolerated in E3200, and 


Table 35.16 lists some selected adverse events. Hy- 
pertension was again noted to occur, although the 
absolute incidence was lower than that observed in 
the pivotal study. Vomiting and neuropathy also 
occurred at a higher rate when bevacizumab was 
added to FOLFOX and may be related to the greater 
number of chemotherapy cycles (10 vs 7) received by 
the FOLFOX plus bevacizumab group. In addition, 
serious bleeding, which was predominantly gastro- 
intestinal, occurred at a higher frequency (3.4% vs 
0.4%) in the FOLFOX plus bevacizumab group and, 
again, gastrointestinal perforation was observed in 
three patients in each of the bevacizumab-contain- 
ing arms. 

In summary, bevacizumab has been evaluated 
in four randomized controlled studies in CRC, two 
phase II and two phase III trials, utilizing three dif- 
ferent chemotherapy backbones (5FU/LV, IFL, and 
FOLFOX) in both first-line and relapsed patient 
populations. It consistently provided statistical im- 
provements in time to disease progression and, in 
the two large phase III trials, a statistical improve- 
ment in OS. Use of the agent to the time of disease 
progression appears to be important, with a retro- 
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Table 35.13. Selected adverse events 


Adverse event 


(n=104) 


Any grade 3 or 4 adverse event 71% 
Adverse event leading to study discontinuation 12% 
Adverse event leading to death 7% 
All-cause mortality at 60 days 14% 
Diarrhea, grade 3 or 4 40% 
Leukopenia, grade 3 or 4 7% 
Hypertension, any 5% 
Hypertension, grade 3* 3% 
Thrombotic events, any 18% 
Deep thrombophlebitis 9% 
Pulmonary embolus 2% 
Arterial thrombotic event, any 5% 
Bleeding, grade 3 or 4 3% 
Proteinuria, any 19% 
Grade 2 4% 
Grade 3 0% 
Gastrointestinal perforation 0% 


spective analysis suggesting PFS and OS improve- 
ments were independent of objective response. The 
doses used in these experiments varied between 
2.5 and 5.0 mg/kg/week, and the optimal dose for 
individual patients has not been established. Over- 
all, the drug was well tolerated, with consistent in- 
creases in hypertension requiring medical therapy 
and low-grade proteinuria noted in these trials. In- 
creases in serious bleeding were reported in one of 
the phase ITI studies, and more data will be required 
to more fully understand the precise incidence and 
risk factors for this event. Gastrointestinal perfora- 
tion has been consistently observed at a rate of 1-2%, 
and patients should be informed of this potentially 
life-threatening event. Based on the results of these 
four clinical trials, bevacizumab in combination 


5-FU/LV/placebo 


5-FU/LV/bevacizumab 


(n=100) 


87% 
10% 
4% 
5% 
39% 
5% 
32% 
16% 
18% 
6% 
3% 
10% 
5% 
38% 
7% 
1% 
2% 


with 5FU-based chemotherapy is now considered a 
standard treatment option for both first-line and re- 
lapsed metastatic CRC. Studies are ongoing to evalu- 
ate the potential role of bevacizumab in the adjuvant 
treatment of this common malignant disease. 


35.7.1.2 
Breast Cancer 


Following the initial single-agent phase II study of be- 
vacizumab in refractory breast cancer, two subsequent 
phase III clinical experiments of bevacizumab in com- 
bination with chemotherapy in metastatic breast can- 
cer (MBC) have been completed and reported. 

The first phase II] experiment, known as study 
AVF2119, was conducted in a highly refractory MBC 
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Fig. 35.13a,b. Kaplan- 
Meier estimates of PFS 
(top) and OS (bottom) 


(from Kabbinavar et al. 


2005) 
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patient population (Miller et al. 2005). Patients were 
required to have progressive disease following ther- 
apy with both anthracyclines and taxanes. The pa- 
tients without prior therapy for MBC were required 
to have relapsed within 12 months of completing 
adjuvant therapy with both anthracyclines and tax- 
anes, a patient population with a particularly poor 
prognosis. Capecitabine had recently been approved 
for the treatment of this refractory patient popula- 


tion based ona non-randomized phase IJ experiment 
documenting a finite objective RR (Blum et al. 1999). 
It seemed reasonable to design a phase III experi- 
ment comparing capecitabine alone to capecitabine 
with bevacizumab. The dose of capecitabine in this 
study was 2500 mg/m? twice daily for 14 days fol- 
lowed by a 7-day rest period, with cycles repeated 
every 21 days. Bevacizumab was used at a dose of 
15 mg/kg every 3 weeks (5 mg/kg/week). 
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Table 35.14. Baseline patient characteristics: E3200 study (from Giantonio et al. 2007 


FOLFOX4 + bevacizumab 


(n=286) 


Median age (years) 62.0 
Range 21-85 
Sex 
Female 39.5% 
Performance status 
0 48.9% 
1 46.9% 
2 4.2% 
Prior radiation therapy 25.9% 
Disease sites 
Liver 73.4% 
Lung 55.5% 


FOLFOX4 Bevacizumab 
{n=291) (n=243) 
60.8 59.6 
25-84 23-82 
39.2% 40.7% 
51.2% 48.6% 
43.0% 43.6% 
5.8% 7.8% 
24.7% 25.9% 
75.9% 70.8% 
51.2% 59.7% 


Table 35.15. Efficacy results: E3200 study (from Giantonio et al. 2007) 


FOLFOX4 + bevacizumab 


FOLFOX4 Bevacizumab 


Median survival (months) 12.9 
Hazard ratio for death 0.75 
Progression-free survival (months) 7.3 
Hazard ratio for progression 0.61 
One-year survival (%) 56 
Overall response rate (%) 22.7 
Complete response (%) 1.7 
Partial response (%) 21.0 


10.8 10.2 0.0011 
4.7 2.7 <0.0001 
43 44 

8.6 3.3 ` <0.0001 
0.7 0 

7.9 3.3 


Between November 2000 and March 2002, 462 pa- 
tients were randomized between the two treatment 
groups utilizing three stratification variables: per- 
formance status (0 vs 1), number of metastatic sites 
(0 vs 21), and study center. The primary endpoint of 
the study was PFS and the secondary efficacy end- 
points included RR, duration of response, and OS. 
Because the trial was unblinded, the primary PFS 


analysis was based on a blinded, independent radio- 
graphic assessment rather than the investigator as- 
sessment of progression. The sample size was deter- 
mined to provide 90% power to observe a hazard for 
progression of 0.67 with a type 1 error of <5% and 
required 265 progression events. Table 35.17 shows 
the baseline demographic and disease characteris- 
tics in the two treatment groups, which were well 
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Proportion Event Free 


Proportion Surviving 


Median progression-free survival 
CAP alone = 4.17 months 
CAP + BV = 4.86 months 


0.8 
0.6 
0.4 
0.2 
CAP alone (n= 230) 
CAP + BV (n= 232) 
0 
0 2 4 6 8 10 12 14 16 
Progression-Free Survival (months) by IRF Assesment 
1.0 
Median overall survival 
CAP alone = 14.5 months 
CAP + BV = 15.1 months 
0.8 , 
0.6 
0.4 
0.2 
CAP alone (n= 230) ed 
CAP + BV (n= 232) 
0 
0 2 4 6 8 10 12 14 16 18 


Duration of Survival (months) 


Fig. 35.15a,b. Kaplan- 
Meier estimates of PFS 
(top) and OS (bottom) 
(from Miller et al. 2005) 
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Table 35.16. Percentage of adverse events: E3200 study (from Giantonio et al. 2007) 


FOLFOX4 + bevacizumab 


(n=287) 

G3 
Hypertension 5.2 1.0 
Bleeding 3.1 0.3 
Vomiting 8.7 1.4 
Proteinuria 0.7 0 
Neuropathy 16 0.3 
Thromboembolism 3.1 0.3 
Cardiac ischemia 0.3 0.3 
Cerebrovascular ischemia 0.3 0 
Any adverse event 49.5 25.8 
Adverse event leading to treatment 23.4 


discontinuation 


Death from any cause within 60 days 5 


“Cardiac ischemia and cerebrovascular ischemia combined 


balanced except for a slightly higher proportion of 
ER/PR+ patients in the capecitabine alone group. 
The efficacy results showed a statistically signifi- 
cant improvement in RR when adding bevacizumab 
to capecitabine (9.1% vs 19.8%, p=0.001). However, 
the study failed to meet the primary endpoint of 
improved PFS. The median PFS values were 4.2 
months in the control group and 4.9 months in the 
bevacizumab group, with an observed progression 
hazard of 0.98 (p=0.86) and there was no difference 
in overall survival (see Fig. 35.15). Tables 35.18 and 
35.19 outline the adverse events reported, focus- 
ing on capecitabine-associated events and bevaci- 
zumab-associated events. There was no suggestion 
that bevacizumab worsened the common toxicities 
(hand-foot syndrome, stomatitis, and diarrhea) as- 
sociated with capecitabine use. With regard to be- 
vacizumab toxicities, only hypertension requiring 
medical therapy occurred with increased frequency 
(0.5 vs 17.9%). No reports of gastrointestinal perfora- 
tion were observed in this study. However, an imbal- 
ance was noted in the incidence of congestive heart 


FOLFOX4 Bevacizumab 

(n=285) (n=234) 

G3 G3 

1.4 0.4 7.3 0 0.008 
0.4 0 2.1 0 0.011 
2.8 0.4 4.7 0 0.001 
0 0 0 0 0.50 
8.8 0.4 0.4 0.4 0.011 
11 1.4 0 0.4 0.62 
0 0.4 0 0 0.62? 
0 0 0 0 

36.1 24.9 27.8 8.1 

23.9 12.0 

4 6 


failure; two events were reported in the control arm 
versus seven in the bevacizumab arm. All patients 
had received prior anthracycline therapy, and this 
observation highlighted the possible link between 
prior or concurrent use of anthracyclines, which are 
known cardiotoxic agents, and bevacizumab-asso- 
ciated congestive heart failure. 

While study AV2119 was ongoing, investigators 
in the Eastern Cooperative Oncology Group (ECOG) 
and the NCI were interested in evaluating bevaci- 
zumab in less refractory patients with MBC. Pre- 
clinical observations had suggested that progressive 
drug resistance in tumor cells in vitro is associated 
with up-regulation of multiple angiogenic growth 
factors. A logical inference from these observations 
was that utilizing a very specific anti-VEGF anti- 
body like bevacizumab in highly refractory breast 
cancer might be less likely to demonstrate benefit 
than applying the therapy to less highly refractory 
patients. In addition, observations were emerging 
with regard to concepts of “metronomic” schedul- 
ing of traditional chemotherapy agents that dem- 
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Table 35.17. Patient characteristics: AVF2119 study (from 
Miller et al. 2005 


Capecitabine + 
bevacizumab 


Capecitabine 


(n=230) (n=232) 


Mean age (range) 52.3 years (30-77) 51.1 years 
(29-78) 

Race 

Black 25 (10.9%) 30 (12.9%) 

White 185 (80.4%) 187 (80.6%) 

Other 20 (8.7%) 15 (6.5%) 
ECOG PS 

0 115 (50.0%) 117 (50.4%) 

1 115 (50.0%) 114 (49.1%) 

2 0 1 (0.4%) 
ER positive 119 (51.7%) 97 (41.8%) 
PR positive 96 (41.7%) 75 (32.3%) 
HER2 positive? 47 (20.4%) 61 (26.3%) 


Median duration of 1.3 years (0-19.3) 
metastatic disease 


1.0 years (0-13.2) 


(range) 
Visceral disease 184 (80.0%) 180 (77.6%) 
>3 sites of disease 116 (50.4%) 114 (49.1%) 
Prior chemotherapy regimens for MBC 
0 37 (16.1%) 35 (15.1%) 
1 98 (42.6%) 107 (46.1%) 
22 95 (41.3%) 90 (38.8%) 


“HER2 positive = 3+ by immunohistochemistry or amplifica- 
tion by FISH 


onstrated anti-angiogenic properties in pre-clinical 
models (Kerbel and Kamen 2004). Taxanes, spe- 
cifically paclitaxel, had shown promising activity 
when delivered on weekly as compared to 3-weekly 
schedules and definitive phase III trials in the neo- 
adjuvant and adjuvant settings have confirmed 
the superior activity of this metronomic schedul- 
ing (Green et al. 2005). In order to exploit the po- 


tential anti-angiogenic properties of metronomic 
chemotherapy together with bevacizumab, ECOG 
designed study E2100 (Miller et al. 2007). This trial 
compared paclitaxel alone given weekly at 90 mg/m? 
for 3 weeks followed by a 1 week rest with the same 
schedule of paclitaxel plus bevacizumab 10 mg/kg 
every 2 weeks. Both agents were continued until dis- 
ease progression. 

The key eligibility criteria for this study included 
locally recurrent or metastatic breast cancer with no 
prior chemotherapy for advanced disease. Adjuvant 
chemotherapy was permitted and adjuvant taxanes 
were allowed provided more than 12 months had 
elapsed between the completion of taxanes and re- 
currence of breast cancer. HER2+ breast cancer was 
permitted only if the patient had received prior ther- 
apy with trastuzumab without chemotherapy. Be- 
tween December 2001 and March 2004, 722 patients 
were randomized, with 680 determined to meet all 
of the eligibility criteria, based on four stratifica- 
tion variables: adjuvant chemotherapy (yes vs no), 
disease-free interval (<24 months vs >24 months), 
number of metastatic sites (<3 vs 23), and estrogen 
receptor status (ER+ vs ER- vs ER unknown). The 
sample size was selected to provide 85% power to de- 
tect a 33% improvement (6-8 months) in the primary 
endpoint of PFS with a type 1 error of <5%. The 
Statistical plan included two pre-specified interim 
efficacy analyses to occur at 270 and 425 events, 
and the final analysis was planned after 546 pro- 
gression events. Table 35.20 describes the baseline 
demographic information and tumor characteris- 
tics, which were equally balanced between the two 
groups. 

In April 2005, at the first formal interim analy- 
sis for efficacy, the DSMB recommended that the 
trial be stopped based on crossing the pre-defined 
O'Brian-Fleming boundaries for efficacy. The data 
was originally reported at ASCO 2005 and the effi- 
cacy data shown in Figs 35.16 and 35.17 represents 
updated information after 484 progression or death 
events that was presented at the San Antonio Breast 
Cancer Symposium in December 2005. The objective 
RR was 13.8 versus 29.9% (p<0.001) for the entire eli- 
gible population of 680 patients and was 16.0 versus 
37.7% (p<0.001) for the population of 498 patients 
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Table 35.18. Common capecitabine toxicities 


Capecitabine Capecitabine + bevacizumab 


(n=215) (n=229) 
Grade 2 (%) Grade 3 (%) Grade 4 (%) Grade 2 (%) Grade 3 (%) Grade 4 (%) 


Diarrhea 34 (15.8) 23 (10.7) 0 37 (16.2) 27 (11.8) 0 
Stomatitis 11 (5.1) 0 1 (0.5) 16 (7.0) 4 (1.7) 0 
Hand-foot syndrome 77 (35.8) 52 (24.2) 0 97 (42.4) 63 (27.5) 0 


National Cancer Institute Common Toxicity Criteria worst grade experienced per patient 


Table 35.19. Common bevacizumab toxicities 


Capecitabine Capecitabine + bevacizumab 

(1=215) (n=229) 

Grade 1 Grade 2 Grade 3 Grade 1 Grade 3 

(%) (%) (%) (%) (%) 
Hypertension 4 (1.9) 0 1 (0.5) 0 9 (3.9) 4 (1.7) 41 (17.9) 0 
Proteinuria 14 (6.5) 2 (0.9) 0 0 42 (18.3) 7 (3.1) 2 (0.9) 0 
Bleeding 19 (8.8) 4 (1.9) 1 (0.5) 0 60 (26.2) 5 (2.2) 1 (0.4) 0 
Thrombotic 0 4 (1.9) 5 (2.3) 3 (1.4) 1 (0.4) 3 (1.3) 9 (3.9) 4 (1.7) 
event 
Pulmonary em- 0 0 0 3 (1.4) 0 0 0 3 (1.3) 
bolism 


National Cancer Institute Common Toxicity Criteria worst grade experienced per patient 


Table 35.20. Demographic and disease characteristics: E2100 study (Miller et al. 2007) 


Paclitaxel Paclitaxel + bevacizumab 
(n=339) (n=341) 

Median age 55 (27-85) 56 (29-84) 

DFI £24 months 42% 42% 

23 sites 43% 43% 

Adjuvant chemotherapy 64% 65% 

Taxane 18% 18% 

ER+ 64% 59% 


HER2+ 4% 5% 


R. Mass 


0.8 


0.6 


Medians: 6.0. 11.3 


Probability 


0.4 


0.2 


0 6 12 18 24 30 
Months 
Patients at risk: 
P+B 341 239 154 92 39 15 7 
P 325 158 86 43 16 10 3 


with measurable disease at study entry. The pri- 
mary efficacy endpoint, PFS, is shown in Fig. 35.16. 
Bevacizumab provided nearly a doubling of PFS 
with medians of 6.1 versus 11.4, and the hazard for 
progression was 0.51 (p<0.001). 

Figure 35.17 portrays, via Forest plot, the treat- 
ment effect on PFS for a variety of clinically relevant 
patient subgroups. In general there was very con- 
sistent benefit noted in all of the subsets reported, 
although the 95% confidence intervals crossed 1.0 
for the small subsets of ER+/PR- patients and age 
>64 years. It is important to note that the treatment 
effect in the ER-/PR- group was very significant, as 
this group essentially represents the “basal-like” or 
“triple negative” group of breast cancer, which is 
a particularly poor prognostic group with inferior 
benefit from cytotoxic chemotherapy. The subset of 
patients with prior adjuvant taxane exposure also 
represents a poor prognostic group that gained sub- 
stantial benefit from the addition of bevacizumab to 
paclitaxel. Although preliminary survival data was 
presented suggesting a non-significant trend favor- 


Paclitaxel + Bevacizumab 
Paclitaxel 


36 42 4B 54 
Fig. 35.16. Kaplan-Meier 
estimate of PFS in the 
3 1 1 E2100 study (from Miller 
2 0 0 et al. 2007) 


ing the bevacizumab group, an insufficient number 
of deaths have been reported to enable the formal, 
specified survival analysis, which is expected to oc- 
cur sometime in 2007. 

Overall bevacizumab was well tolerated in this 
clinical study. Tables 35.21 and 35.22 describe the 
incidence of selected grade 3 and 4 adverse events. 
Hypertension was more frequent (2% vs 16%) as 
were bleeding (0% vs 3%) and proteinuria (0% vs 
2%). Patients receiving bevacizumab also experi- 
enced more neuropathy and fatigue, perhaps related 
to the longer time on treatment with paclitaxel and 
higher cumulative exposure. Only a single episode 
of CHF was reported during this analysis. 

In summary, bevacizumab has been evaluated in 
two randomized controlled studies in MBC; both 
were phase III trials and utilized different chemo- 
therapy backbones (capecitabine and paclitaxel) 
in both first-line and refractory patient popula- 
tions. The trials showed inconsistent results, with 
highly significant improvements in clinical benefit 
when used in the initial treatment of MBC while be- 


Group N HR 95% Cl PFS (mos.) 
P P+B 
ER+, PR+ 284 0.53 (0.40, 0.70) 8.2 14.1 
ER+, PR+ 108 0.86 (0.56, 1.30) 9.2 12.5 
ER+, PR+ 231 0.56 (0.44, 0.73) 4.5 8.5 


Noadjuvantchemo 228 0.74 (0.56, 0.98) 74 12.5 


Non-taxane 328 0.59 (0.47, 0.75) 77 10.7 
Taxane 109 (0.45 (0.30, 0.69) 3 12.3 
Anthracycline 271 0.56 (0.43, 0.72) 5.6 10.7 


Non-anthracycline 166 0.55 (0.39, 0.78) 6.9 12.5 


Age 27-49 216 0.52 (0.39, 0.70) 5.6 11.9 
Age 50-64 304 0.56 (0.44, 0.72) 7.2 11.4 
Age 65-85 146 0.86 (0.61, 1.22) 8 10.6 


DFI 0-24 months 276 0.61 (0.47, 0.79) 5.1 10.3 


DFI > 24 months 390 0.6 (0.48, 0.74) 8.2 13.8 
< 3 sites 366 0.58 (0.46, 0.73) 7.8 13.2 
3 or more sites 299 0.64 (0.50, 0.81) 5.6 10.7 


No visceral disease 108 0.65 (0.41, 1.03) 8,5 15.5 


Visceral disease 557 0.59 (0.49, 0.71) 5.9 10.9 
Not only bone 605 0.58 (0.49, 0.69) 5.8 11 
Bone only 60 0.64 (0.34, 1.19) 13 18.8 
Measurable 487 0.56 (0.46, 0.68) 5.6 11 
Non-measurable 179 0.75 (0.53, 1.05) 114 135 
Overall 666 0.6 (0.51, 0.71) 6 11.3 
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0.0 0.5 1.0 1.5 


Fig. 35.17. Forest plot of PFS for selected clinical subsets in the E2100 study (from Miller et al. 2007) 


vacizumab use in refractory patients provided only 
modest improvement in RRs with no real beneficial 
effect on PFS or OS. The reason for these differences 
is not clear. It has been hypothesized that highly re- 
fractory cancer often activates multiple angiogenic 
pathways such that inhibition of a single, albeit criti- 
cal ligand, VEGF, may be insufficient to effectively 
inhibit tumor angiogenesis. It is also possible that 
highly refractory cancers with very short PFS times 
may simply be a difficult environment to effectively 
evaluate new therapies. It will be important to evalu- 
ate the results of several ongoing phase III clinical 
trials in first- and second-line MBC to ensure consis- 
tency of treatment effect in this disease. Until those 
results are available, the combination of weekly pa- 


clitaxel and bevacizumab should be considered one 
appropriate standard for the treatment of first-line 
MBC. Studies are ongoing to evaluate the potential 
role of bevacizumab in the adjuvant treatment of 
this common malignant disease in both HER2- and 
HER2+ disease. 


35.7.1.3 
Non-small Cell Lung Cancer 


Non-small cell lung cancer represents a serious 
global health problem. Linked to tobacco use, 
NSCLC is the leading cause of cancer-related death 
in the US and EU and is likely to become a major 
health issue in the developing world over the coming 
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Table 35.21. Bevacizumab-associated adverse events: E2100 study (from Miller et al. 2007) 


Paclitaxel 


(n=332) 


% 


Hypertension* 
Thromboembolism 


Bleeding** 


Oo o N N 
oOo >O N O 


Proteinuria*** 


Paclitaxel + bevacizumab 


(n 


=350) 


Grade 3 Grade 4 

15 <l 

2 0 

2 <l NCI-CTC v3.0, worst 


per patient. *p<0.0001; 
**p=0,02; ***p=0.002 


Table 35.22. Other adverse events: E2100 study (from Miller et al. 2007) 


Paclitaxel 


(n=332) 


Neuropathy 17 1 
Fatigue* 4 <1 
Neuropenia NR 3 
Decreased LVEF 0 0 


Paclitaxel + bevacizumab 


(n=350) 


Grade 3 Grade 4 
22 1 

8 <l 

NR 4 

<1 0 


NCI-CTC v3.0, worst per patient. *p=0.05 


decades. Modest improvements in treatment have 
been achieved over the past 20 years; however, no 
substantial progress has been made since the intro- 
duction of platin-based doublet chemotherapy more 
than 10 years ago. An evaluation of four modern 
doublet regimens revealed no substantial benefit of 
any one over any of the others (Schiller et al. 2002). 
Although the randomized phase II results with 
carboplatin and paclitaxel with bevacizumab were 
encouraging, “triplet” therapy in advanced NCSLC 
had never provided better outcomes than doublet 
therapy. This was true of three-drug combinations 
of cytotoxic chemotherapy as well as two-drug che- 
motherapy regimens with a third “biologic” agent. 
In addition to the skepticism around multiple fail- 
ures of three-drug combinations in this disease was 
the significant problem of life-threatening and fatal 


pulmonary bleeding that was noted in the phase II 
experiment. Six of 66 bevacizumab-treated patients, 
about 9%, experienced this adverse event, and se- 
rious questions existed at the time as to whether 
further development of the agent in this disease 
was possible. However further evaluation of risk 
factors, including both univariate and multivariate 
analyses, demonstrated that the single significant 
risk factor for this event was predominant squamous 
cell histology in the tumor. Although this histologic 
subtype was noted in only 13 patients treated with 
bevacizumab in the phase II experiment, four of the 
six serious bleeding events occurred in this group, 
for an estimated risk of 31%. Only 2 of 53, or 4%, of 
the non-squamous NSCLC patients in this study ex- 
perienced a serious pulmonary bleeding event. Why 
squamous cell patients appear to have an increased 
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Table 35.23. Baseline demographic and disease characteristics: E4599 study (from Schiller et al. 2002) 


BPC 
(n=417) 

Gender* 

Male 253 (58%) 210 (50%) 

Female 180 (42%) 207 (50%) 
Age 265 years 189 (44%) 177 (42%) 
Race (44 unknown) 

White 378 (91%) 352 (90%) 

Black 23 (6%) 22 (6%) 

Other 14 (3%) 17 (4%) 
ECOG PS (6 unknown) 

0 170 (40%) 167 (40%) 

1 260 (60%) 247 (60%) 
Measurable disease 392 (91%) 381 (91%) 
Prior weight loss 25% 121 (28%) 117 (28%) 
Stage IIIB non-recurrent 55 (13%) 50 (12%) 
Stage IV non-recurrent 337 (78%) 310 (74%) 
Recurrent 40 (9%) 57 (14%) 
Prior RT 37 (9%) 33 (8%) 
Adeno or NOS 380 (88%) 366 (88%) 
Large cell 29 (7%) 17 (4%) 
BAC 11 (3%) 12 (3%) 
Other histology 11 (3%) 22 (5%) 
>2 sites involved 229 (53%) 216 (52%) 
Pleura involved 111 (26%) 112 (27%) 
Liver involved 73 (17%) 90 (22%) 
Bone involved 149 (34%) 118 (28%) 
Adrenal involved 72 (17%) 53 (13%) 


PC, paclitaxel and carboplatin; BPC, paclitaxel and carboplatin plus bevacizumab. *Males: PC 58%, BPC 
50%; p=0.03, Fisher’s exact test 
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100 


80 


BPS group 
(374 events in 


60 417 patients) 


40 


Progression-free Survival (%) 


PS group 
(405 events in “., 
433 patients) 


20 


risk of pulmonary bleeding with bevacizumab ther- 
apy is not known; however, further development of 
the drug in NSCLC requires exclusion from subse- 
quent studies of patients with this histology. 

Once again, investigators from the ECOG and the 
NCI took the lead in designing a phase II/III experi- 


Hazard ratio, 0.79 
P= 0.003 


30 36 42 


Hazard ratio, 0.66 
P= 0.001 


Fig. 35.18a,b. Kaplan- 
Meier estimates of surviv- 
al (top) and PFS (bottom) 
in the E4599 study (from 
Sandler et al. 2006) 


24 30 


ment to definitively evaluate bevacizumab in NSCLC 
with study E4599. The key eligibility criteria for the 
study included non-squamous NSCLC not amenable 
to surgery or radiation therapy. Patients with brain 
metastases were also excluded, and no prior chemo- 
therapy was permitted. The trial design compared 
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Fig. 35.19. Survival treatment hazard ratios (BPC/PC) in subgroups in the E4599 study 


standard treatment with up to 6 cycles of carbo- 
platin (AUC=6) and paclitaxel (200 mg/m”) every 3 
weeks versus the same chemotherapy plus bevaci- 
zumab 15 mg/kg every 3 weeks. At the completion 
of up to 6 cycles of chemotherapy, bevacizumab was 


continued as a single agent until the time of disease 
progression. 

Between July 2001 and April 2004 a total of 850 
eligible patients were randomized between the two 
groups utilizing four stratification variables; mea- 
surable vs non-measurable disease, prior radiation 
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therapy (yes vs no), prior weight loss (<5% vs 25%), 
and stage (IIIB vs IV). The study design was some- 
what complicated in that there was a randomized 
phase II component embedded in the overall phase 
III study. The primary endpoint of the phase II com- 
ponent was safety, particularly the rate of pulmonary 
bleeding. In fact, after the first 112 patients were ran- 
domized enrollment was suspended between Febru- 
ary 2002 and August 2002 so that 6-month safety 
information could be made available to the DSMB 
to conduct the formal interim safety analysis. Only 
after the DSMB concluded that the observed bleed- 
ing rates were within the acceptable limits pre-spec- 
ified in the protocol did recruitment resume to the 
planned sample size of 842 patients. The primary 


Table 35.24. Selected adverse events (%): E4599 study 


endpoint for the phase III component was overall 
survival, with secondary endpoints of PFS and RR. 
The sample size provided 80% power to detect a 20% 
reduction in the hazard for death with a type 1 error 
of <5%, accounting for two planned interim efficacy 
analyses at 40% and 70% of the planned 650 death 
events required for the final analysis. Table 35.23 
shows the baseline demographic and tumor charac- 
teristics in the two groups, which were balanced ex- 
cept for a significant difference in gender, with more 
males in the chemotherapy-alone group and more 
women in the bevacizumab group. 

In March 2005, at the second planned interim ef- 
ficacy analysis, the DSMB recommended that the 
trial be stopped because the pre-defined O'Brian- 


Toxicity type Treatment group 
PC (n=440) BPC (n=427) 
Grade 3 Grade 4 Grade 5 Grade3 Grade 4 Grade 5> 
Neutropenia? - 16.8 - - 25.5 - 0.002 
Thrombocytopenia? - 0.2 - - 1.6 - 0.04 
Anemia? - 0.9 - - 0.0 - NS 
Febrile neutropenia 1.8 - 0.2 4.0 - 1.2 0.02 
Hyponatremia 0.9 0.2 5 2.6 0.9 - 0.02 
Hypertension 0.5 0.2 - 6.8 0.2 - <0.001 
Proteinuria - - - 2.6 0.5 - <0.001 
Headache 0.5 - - 3.0 - - 0.003 
Rash/desquamation 0.5 - - 2.3 - - 0.02 
Bleeding events (all) 0.7 4.4 <0.001 
CNS hemorrhage - - - - 0.7 = 
Epistaxis 0.2 = 5 0.7 - - 
Hematemesis - - - - - 0.5 
Hemoptysis 0.2 - - 0.5 0.2 1.2 
Melena/GI bleeding 0.2 - 0.2 0.7 0.2 - 
Hemorrhage, other - - - 0.2 0.2 - 


Unadjusted for differences in median duration of therapy between the groups. *Only grades 4-5 were collected for hematologic 
toxicities. "Three other grade 5 toxicities on arm BPC: cerebrovascular event, 2; pulmonary embolus, 1 


Table 35.25. Causes of death: E4599 study 


PC BPC 
Total deaths 344 305 
Lung cancer 309 260 
Toxicity 2 14 
Other medical problems 16 16 
Unknown cause 17 15 


One patient on the BPC arm who suffered a grade 5 event was 
ineligible because advanced disease was not documented and 
is excluded from this table (but was included in the toxicity 
analysis) 


Fleming boundaries for efficacy had been crossed. 
The data were originally reported at ASCO 2005 and 
the efficacy data shown in Figs 35.18 and 35.19 rep- 
resent updated information through October 2005 
with a median follow-up duration of 19 months and 
a minimum of 18 months. In the 773 patients with 
measurable disease at study entry, bevacizumab 
provided a significant improvement in RR (15% 
vs 35%, p<0.001). The treatment effects on the pri- 
mary endpoint of survival and the secondary end- 
point of PFS are shown in Fig. 35.18. Survival was 
improved from 10.3 to 12.3 months with a hazard of 
death of 0.79 (p=0.003). PFS was improved from 4.5 
to 6.2 months with a hazard of progression of 0.66 
(p<0.001). This represented the first time that a third 
agent had provided statistical and clinical benefit to 
doublet chemotherapy in NSCLC and was the first 
large phase III trial to achieve a median survival in 
excess of 1 year. Figure 35.19 displays the survival re- 
sults in several important clinical subsets. Although 
there was generally a consistent treatment effect, 
females did not appear to show a survival benefit 
with bevacizumab. The reasons for this finding are 
not known. The relative treatment effect on PFS was 
very similar between men and women, suggesting 
that bevacizumab has a similar benefit in both gen- 
ders; however, women may have better prognostic 
characteristics or may benefit preferentially from 
second-line therapies (i.e. EGFR tyrosine kinase 
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inhibitors), Further clinical trials are necessary to 
more clearly understand this observation in E4599. 

Table 35.24 lists the adverse events that occurred 
more frequently in the bevacizumab group as com- 
pared to the control group. Bleeding was more 
common with bevacizumab, although the rate of 
pulmonary bleeding was reduced to 1.9% by select- 
ing non-squamous cell NSCLC patients. Both GI 
and CNS bleeding were also increased in the beva- 
cizumab group. The other new safety event noted 
in this trial was a higher rate of neutropenia. The 
phase III trials in breast and colon cancer did not 
use highly myelosuppressive regimens, as this trial 
did, and it appears that such regimens may be a risk 
factor for neutropenia. Table 35.25 lists the causes 
of death for study patients. Although there was a 
significant reduction in cancer-associated death, 
there was higher treatment-related mortality in the 
bevacizumab group, including deaths from bleed- 
ing, thrombosis, and febrile neutropenia. Typical 
bevacizumab-related toxicities of hypertension and 
proteinuria were observed, 

In summary, bevacizumab has been evaluated 
in two randomized controlled studies in NSCLC: 
one phase II and one phase III trial. Both utilized 
the same chemotherapy backbone and both stud- 
ied first-line patients. Consistent clinical benefit 
was seen on the endpoint of PFS, while the phase III 
trial also showed a statistically significant improve- 
ment in survival. It is important to note that patients 
with predominant squamous cell histology were ex- 
cluded from the phase III study and this change in 
the study population brought about a significant, 
though incomplete, reduction in the risk of serious 
pulmonary bleeding. Additional studies aiming to 
improve the understanding of risk factors for this 
adverse event are in progress, as is work on poten- 
tial approaches to administer bevacizumab safely to 
squamous cell patients. In addition, confirmatory 
studies in first-line metastatic disease are under way 
along with phase III trials of the second-line treat- 
ment of metastatic disease, together with a large 
international trial of bevacizumab in the adjuvant 
treatment of NSCLC. 
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Conclusions 


Bevacizumab represents a prominent landmark in 
therapeutic oncology as the first anti-angiogenic 
agent to show clinical benefit in the treatment of 
human cancer. It has validated many years of clini- 
cal and pre-clinical observations and hypotheses 
from laboratories and clinics around the world and 
opened many new and exciting areas of study to ex- 
tend and enhance the impact of inhibiting angiogen- 
esis in cancer. In 2006, bevacizumab is being tested 
in more than 25 malignant conditions, including the 
adjuvant treatment of colon, lung, and breast cancer, 
where the possibility of long-term remission is be- 
ing sought. Its development represents a remarkable 
collaboration of basic science, protein engineering, 
and clinical development involving both industry 
and the public sector that substantially accelerated 
definitive phase II testing and has brought new 
hope to thousands of cancer patients around the 
world. 
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Abstract 


Sorafenib is a multi-kinase inhibitor with ef- 
fects on the tumor cell and tumor vasculature 
that inhibit proliferation, promote cell death, 
and disrupt neo-angiogenesis. Originally 
identified as a Raf kinase inhibitor, sorafenib 
also inhibits VEGFR-1/-2/-3; PDGF-B receptor 
(PDGFR-B); Fms-like tyrosine kinase-3 (FLT-3); 
c-Kit protein (c-Kit); and RET receptor tyro- 
sine kinases. Sorafenib has demonstrated po- 
tent anti-tumor activity in preclinical xenograft 
models of different tumor types by virtue of 
its anti-angiogenic, anti-proliferative and pro- 
apoptotic effects. This orally administered 
drug is well tolerated and received approval 
for the treatment of metastatic renal cell carci- 
noma (RCC) primarily based on a large interna- 
tional trial, the Treatment Approaches in Renal 
Cancer Global Evaluation Trial (TARGETS), in 
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which 903 patients were randomized to receive 
sorafenib or placebo. Ata planned interim anal- 
ysis, patients treated with sorafenib had a lower 
risk for death than those treated with placebo. 
However, improvement in survival did not meet 
criteria for statistical significance. In a planned 
interim analysis of 769 patients, sorafenib sig- 
nificantly prolonged median progression-free 
survival compared with placebo (167 days vs 84 
days; hazard ratio 0.44; P<0.000001). Sorafenib 
has also demonstrated early signs of clinical 
efficacy, alone or in combination regimens, in 
patients with advanced hepatocellular carci- 
noma (HCC) and melanoma. Ongoing phase 
III trials are currently being conducted to fur- 
ther evaluate sorafenib in HCC, melanoma, and 
non-small cell lung cancer. This chapter sum- 
marizes the discovery, preclinical findings, and 
clinical development of sorafenib in RCC and 
its potential use in other tumor types. 
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Introduction 

The blood vessel network of the adult vascula- 
ture is formed during embryogenesis by a process 
termed vasculogenesis. Vasculogenesis involves 
the de novo formation of blood vessels from an- 
gioblasts, which are the precursors of endothelial 
cells (Papetti and Herman 2002). Angioblasts pro- 
liferate, coalesce, and differentiate into vascular 
endothelial cells to form a network of vessels called 
the primary capillary plexus (Papetti and Herman 
2002). The primary capillary plexus is then remod- 
eled by the sprouting and branching of new blood 
vessels from pre-existing vessels in a process called 
angiogenesis (Table 36.1). 

Most angiogenesis occurs early in life to estab- 
lish an adequate vasculature and thereby support 
growth and embryonic development; very little 
endothelial cell turnover occurs in adults. An- 
giogenesis in the adult is limited to the ovarian 
cycle and the wound healing process (Papetti and 
Herman 2002). However, dysregulated angiogene- 
sis has been implicated in several pathological pro- 
cesses. Downregulation of the normal angiogenic 
process may be involved in ischemic heart disease, 
atherosclerosis, stroke, Alzheimer’s disease, and 
chronic wounds. Uncontrolled upregulation of an- 
giogenesis has also been associated with diabetic 
retinopathy, arthritis, psoriasis, and cancer. 

Tumor-induced angiogenesis or neo-angio- 
genesis is the process by which new blood vessels 
develop from the endothelium of the pre-existing 
vasculature to supply the tumor with the neces- 
sary nutrients to facilitate tumor growth, and is 
a key step in malignant growth, invasion, and 
metastasis (Folkman 1992). Neo-angiogenesis in- 
duction is essential for the establishment of the nec- 
essary vasculature to facilitate solid tumor growth 
beyond 2-3 mm? (Wary et al. 2003). Solid tumors 
induce this new blood vessel growth by secreting 
up to 20 different growth factors and cytokines, 
including the pro-angiogenic factors transforming 
growth factor-alpha (TGF-q), vascular endothelial 
growth factor (VEGF), platelet-derived growth fac- 


tor-beta (PDGF-B), and basic fibroblast growth fac- 
tor (bFGF). The expression of these pro-angiogenic 
factors is driven by the lack of oxygen in the tumor 
tissue (hypoxia) (Wary et al. 2003). 

Angiogenesis involves the destabilization of the 
existing microvasculature, resulting in vascular hy- 
perpermeability and matrix remodeling, and tran- 
sition of existing endothelial cells from a quiescent 
to a plastic proliferative phenotype (Table 36.1) 
(Papetti and Herman 2002). Activated endothelial 
cells then proliferate, migrate, and undergo tube 
formation (i.e. formation of new microvessels) (Pa- 
petti and Herman 2002). The final stage involves 
the differentiation, proliferation, and recruitment 
of mural cells, such as pericytes, which stabilize 
the newly formed vasculature (Table 36.1) (Papetti 
and Herman 2002). However, unlike angiogenesis 
under normal physiological conditions, it appears 
that tumor-induced angiogenesis results in new mi- 
crovessels with multiple structural and functional 
abnormalities (Baluk et al. 2005). These microves- 
sels vary in diameter and have a tortuous shape; 
they also have thin walls, which lack the usual layer 
of pericytes (Baluk et al. 2005). 

The angiogenic effects of hypoxia-induced, 
tumor-derived growth factors (VEGF-A, bFGF, 
PDGF-B) are summarized in Table 36.1. These 
growth factors induce signaling via their respec- 
tive receptor tyrosine kinases (RTKs), on the sur- 
face of endothelial cells and/or pericytes, followed 
by activation of the ubiquitous mitogen-activated 
protein kinase (MAPK) intracellular signal trans- 
duction pathway. This highly conserved pathway 
comprises Raf kinase, mitogen extracellular ki- 
nase (MEK), and extracellular signal-regulated 
kinase (ERK) (Kolch et al. 2002). Two of the most 
widely studied pro-angiogenic growth factors, 
VEGF and bFGF, have been shown to promote new 
blood vessel formation in vivo and in vitro, These 
factors also induce mitogenesis and enhance capil- 
lary morphogenesis in vivo (Baluk et al. 2005). The 
vascular abnormalities and embryonic lethality 
observed in VEGF and VEGF-receptor (VEGFR) 
knockout mice, and the in vivo regression of tu- 
mor vasculature induced by VEGF/VEGER inhibi- 
tors, established a role for VEGF in promoting tu- 
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Table 36.1. The main stages of angiogenesis under normal physiological conditions 


Stage of angiogenesis 


1. Vessel destabilization 
Removal of pericytes from the vascular endothelium 


Change in endothelial cells from growth-arrested to 
proliferative phenotype 


2. Vessel hyperpermeability 


Allows local extravasation of proteases and matrix 
components from bloodstream 


3. Matrix remodeling 


4. Endothelial cell proliferation 


5. Endothelial cell migration 


Pro-angiogenic factors involved 


Ang2/Tie2 


VEGF, VE-cadherin 


TGF-B 
VEGE, FGF-2, EGF 


Citation 


Phelps et al. 2006 


Yamaoka-Tojo et al. 2006 


Wu et al. 2006 


Wu et al. 2006; Lampugnani 
et al. 2006: Sahni et al. 2006 


a, B-integrin, VEGF, EGFR, Alghisi and Ruegg 2006; 
ephrin-B2/eph-B4 Kim et al. 2006; Semino et 
al. 2006 


6. Cell-cell adhesion 


7. Tube formation 


VE-cadherin, ephrin-B2/eph-B4 


FGF, PDGF, TNF-a, ephrin-2A, 
ephrin-B2/eph-B4 


Lampugnani et al. 2006; 
Esser et al. 1998; Kertesz et 
al. 2006 


Kertesz et al. 2006; Leibo- 
vich et al. 1987; d‘Amore 
and Smith 1993; Ogawa et 
al. 2000 


8. Mesenchymal cell (i.e. pericyte precursors) PDGF d‘Amore and Smith 1993 
proliferation 
Proliferating mesenchymal cells migrate along 
growing tubules 

9. Differentiation into pericytes TGF-B Pardali and Moustakas 2007 


Ang, Angiopoietin; eph, ephrine; EGFR, epidermal growth factor receptor; FGF, fibroblast growth factor; PDGF, platelet derived 
growth factor; TGF-f, transforming growth factor-beta; Tie, angiopoietin receptor; TNF-a, tumor necrosis factor-alpha; VE, 


vascular endothelial; VEGF, vascular endothelial growth factor 


mor survival and angiogenesis (Ferrara 2002). In 
particular, signaling through the endothelial cell 
VEGF-A/VEGFR-2 pathway has been shown to be 
of pivotal importance in stimulating angiogenesis 
(Takahashi and Shibuya 2005). 

The concept that tumor growth could be im- 
pacted by inhibiting the angiogenic process was 
first proposed by Judah Folkman in 1971. Since 
then, clinical trials involving targeted anti-angio- 
genic agents have demonstrated clinical efficacy 


and good tolerability, leading to the approval of the 
first targeted anti-angiogenic drug, a humanized 
anti-VEGF monoclonal antibody, bevacizumab 
(Chen 2004). 

The MAPK cascade has also been recognized as a 
key target for therapeutic intervention in oncology 
for over a decade. The three Raf serine/threonine 
kinase isoforms [A-Raf, B-Raf and Raf-1 (also called 
c-Raf)] are the first kinases in the MAPK cascade 
and regulate cellular proliferation, survival, and an- 
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giogenesis (Kolch et al. 2002). Wild-type Raf-1 can 
also prolong cell survival independent of MAPK sig- 
naling by direct interaction with anti-apoptotic and 
pro-apoptotic regulatory proteins (Fig. 36.1) (Kolch 
et al. 2002; O'Neill et al. 2004), 

Because hyperactivation of the constituent ki- 
nases of the MAPK cascade - particularly the Raf 
serine/threonine kinase isoforms - often occurs in 
human solid tumors (~30%), increased signaling 


Receptor (e.g. VEGFR-1/-2/-3; 
PDGFR-B; c-Kit; RET) 


Sorafenib 


O = Growth factor (e.g. VEGR/PDGF-B/SCF/GDNF) 


through this pathway may have an important role 
in the onset and progression of cancer (Kolch etal. 
2002; O’Neill et al. 2004). Although increased acti- 
vation of wild-type B-Raf kinase has not been im- 
plicated in tumorigenesis, in certain human tumor 
types oncogenic mutations have been identified 
within the kinase domain of the B-Raf gene which 
have resulted in constitutive kinase activation 
(Brose et al. 2002; Salvatore et al. 2004; Melillo et 


Sorafenib 


Fig. 36.1. Raf is a downstream mediator of growth-factor signaling in normal cells, and exerts its 
effects via MEK/ERK activation or independently of MEK/ERK activation. Dysregulated signaling 
through receptor tyrosine kinases and Raf is implicated in tumorigenesis. Sorafenib inhibits signal- 
ing through pro-angiogenic (VEGFR-1/-2/-3; PDGFR-) and tumor-promoting (c-Kit; RET) receptor 
tyrosine kinases as well as downstream Raf serine/threonine kinases to exert an antitumor effect. 
ADP, Adenosine diphosphate; ATP, adenosine triphosphate; ERK, extracellular signal-regulated ki- 
nase; GDNF, glial-cell line-derived neurotrophic factor; GDP, guanosine diphosphate; GTP, guano- 
sine triphosphate; MEK, mitogen extracellular kinase; PDGF-[, platelet-derived growth factor-beta; 
PDGFR-B, PDGF-beta receptor; Ras, rat sarcoma oncogene; RET, rearranged during transfection 
tyrosine kinase; RTK, receptor tyrosine kinase; SCF, stem cell factor; c-Kit, stem cell factor receptor 
kinase; VEGF, vascular endothelial growth factor; VEGFR, VEGF receptor 
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al. 2005). In particular, the b-raf V600E oncogenic 
mutation has been implicated in the development 
of melanomas and papillary thyroid carcinomas 
(Brose et al. 2002; Salvatore et al. 2004; Melillo et 
al. 2005)and is frequently detected in these tumor 
types. The b-raf V600E oncogenic mutation is fre- 
quently detected in these tumor types (melanoma 
63%; papillary thyroid carcinoma 50%) (Salvatore 
et al. 2004; Melillo et al. 2005). 

Although there is little or no evidence suggest- 
ing that Raf-1 acts as an oncogene in human cancer, 
uncontrolled activation of wild-type Raf-1 kinase 
is a common feature of human solid tumors and 
could arise by a number of mechanisms. Constitu- 
tively activating oncogenic mutations within the 
upstream Ras gene (particularly k-ras mutations), 
which occur in a wide variety of human solid tu- 
mor types (e.g. 90% of pancreatic and 45% of colon 
cancers), can result in activation of downstream 
Raf-1 (Downward 2003). In addition, the uncon- 
trolled upregulation of upstream growth factors, 
or the constitutive activation of upstream RTKs 
by oncogenic mutations, could result in activation 
of downstream wild-type Raf-1 kinase. Wild-type 
Raf-1 activation is frequently detected in renal cell 
carcinoma (RCC; 50% of tumor biopsies in one 
study) (Oka et al. 1995) and hepatocellular cancer 
(HCC; 100% of biopsies in one study) (Hwang et 
al. 2004). Wild-type Raf 1 activation is also associ- 
ated with poor prognosis in cancers of the repro- 
ductive tract, including ovarian (McPhillips et al. 
2001) and androgen-independent prostate tumors 
(Mukherjee et al. 2005). 

Targeted disruption of the Raf-1 gene by a spe- 
cific antisense oligonucleotide (ISIS 5132; Isis Phar- 
maceuticals Inc, Carlsbad, CA) was first reported 
to inhibit tumor growth in animal models (i.e. xe- 
nografts in athymic mice) of human breast, lung, 
and ovarian cancer in 1989 (Kasid and Dritschilo 
2003). This landmark study by Kasid et al. repre- 
sented the first proof of concept that targeting Raf-1 
is an effective anticancer strategy. ISIS 5132 is a 20- 
base phosphorothioate antisense oligonucleotide 
which hybridizes to the 3’-untranslated sequence 
of Raf-1 mRNA (Kasid and Dritschilo 2003). This 
hybridization results in the degradation of Raf-1 


mRNA, thereby decreasing Raf-1 protein synthesis 
(Kasid and Dritschilo 2003). 

In the past few years, several oral multi-kinase 
inhibitors have entered late-stage clinical trials for 
the treatment of advanced cancer. One such multi- 
kinase inhibitor is sorafenib (BAY 43-9006), which 
has been approved for the treatment of metastatic 
RCC - a disease characterized by its hypervascu- 
larity (Wilhelm et al. 2004). The kinase inhibition 
profile of sorafenib encompasses pro-angiogenic 
stromal RTKs, such as VEGFR-1/-2/-3 and PDGF- 
ô eceptor (PDGFR-B); RTKs directly involved in 
tumor progression, such as c-Kit (stem cell factor 
receptor kinase), FLT-3 (Fms-like tyrosine kinase- 
3), and RET (rearranged during transfection tyro- 
sine kinase); and the Raf serine/threonine kinases 
(Wilhelm et al. 2004; Levy et al. 2006; Carlomagno 
et al. 2006). Sorafenib inhibits tumor growth by 
acting on the endothelial cell and the tumor cell to 
inhibit proliferation, promote cell death, and dis- 
rupt neo-angiogenesis (Wilhelm et al. 2004). This 
chapter summarizes the discovery of sorafenib 
and preclinical findings which support a rationale 
for sorafenib as a treatment for advanced RCC, and 
suggest it has potential utility in other solid tumor 
types, including HCC and melanoma. We will then 
focus on the clinical development of sorafenib for 
the treatment of RCC and on the continuing clini- 
cal evaluations in HCC and melanoma. 


Discovery 


Although an inhibitor of several pro-angiogenic 
molecules, sorafenib was originally selected on 
the basis of its potent Raf kinase inhibitory activ- 
ity (Lyons et al. 2001). Bayer and Onyx engaged 
in collaboration to discover novel therapies tar- 
geting the MAPK (i.e. Raf/MEK/ERK) pathway 
and initiated a high-throughput screening pro- 
gram in 1995 to obtain novel inhibitors of human 
recombinant Raf-1 kinase (Smith et al. 2001). This 
led to the identification of the 3-thieny] urea de- 
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rivative 1 (Fig. 36.2) as a lead structure. Structure- 
activity relationships were then explored using a 
combination of traditional medicinal and combi- 
natorial chemistry approaches. This program re- 
sulted in the identification of sorafenib as a potent 
in vitro Raf-1 inhibitor (Fig. 36.2) (Lowinger et al. 
2002). Further details of this optimization process 
have been published elsewhere (Lowinger et al. 
2002). X-ray crystallography studies have shown 
that sorafenib binds to Raf kinase, stabilizing the 
protein in an inactive conformation (Wan et al. 
2004). Extensive in vitro kinase profiling confirmed 
that sorafenib is a potent in vitro inhibitor of Raf-1, 
wild-type B-Raf, and oncogenic b-raf V600E ser- 
ine/threonine kinases (Table 36.2) (Wilhelm et al. 
2004). Sorafenib was also shown to potently inhibit 
several RTKs (VEGFR-1/-2/-3, PDGFR-B, c-Kit, 
Flt-3, and RET) in biochemical and autophosphor- 
ylation assays (Table 36.2) (Wilhelm et al. 2004; 
Levy et al. 2006; Carlomagno et al. 2006). With the 
exception of wild-type B-Raf, these molecular tar- 
gets have been implicated in the etiology of several 
forms of human cancer. However, sorafenib did not 
inhibit all RTKs (notably those of the epidermal 
growth factor receptor (EGFR) and the insulin-like 
growth factor receptor (IGFR) families] and had 
no significant inhibitory effect on MEK-1, ERK-1, 
protein kinase B, protein kinase A, protein kinase 
Ca, or protein kinase Cy in biochemical assays 
(Table 36.2) (Wilhelm et al. 2004). 
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Fig. 36.2. Chemical structure of sorafenib (BAY 43-9006) 


Preclinical Overview 


36.3.1 
Cellular Studies 


Sorafenib inhibited signaling through the MAPK 
pathway in a wide variety of tumor cell lines har- 
boring k-ras and/or b-raf oncogenes (Wilhelm et al. 
2004; Liu et al. 2005), as evidenced by phosphory- 
lated (i.e. activated) ERK (pERK). Furthermore, 
sorafenib inhibited VEGF-stimulated phosphoryla- 
tion of the VEGFR-2 RTK and PDGF-f-stimulated 
phosphorylation of the PDGFR-B RTK in human 
cells (Table 36.2) (Wilhelm et al. 2004). Sorafenib has 
been shown to induce apoptosis in several human 
tumor cell lines, including ACHN renal carcinoma, 
MDA-MB-231 breast carcinoma, A549 non-small 
cell lung cancer (NSCLC), HT-29 colon carcinoma, 
KMCH cholangiocarcinoma, and PLC/PRF/5 and 
HepG2 HCC cells (Liu et al. 2005). It also induced 
apoptosis in human leukemia cells, including K562 
(chronic myelogenous), Jurkat (acute T-cell), and 
MEC-2 (chronic lymphocytic) lines. Sorafenib acted 
by downregulating the levels of the anti-apoptotic 
protein myeloid cell leukemia sequence-1 in these 
human tumor cell lines to induce apoptosis (Yu et al. 
2005; Rahmani et al. 2005). Sorafenib also induced 
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Table 36.2. In vitro inhibitory profile of sorafenib (Wilhelm et al. 2004; Levy et al. 2006; Carlomagno et al. 2006; Salvatore et al. 2006) 


Kinase target In vitro [C50 value (nM) 


Biochemical (kinase) assay 


Raf-1 6 
Wild-type B-Raf 25 
Oncogenic b-raf V600E 38 
VEGFR-1 26 
VEGFR-2 90 
Murine VEGFR-3 20 
Murine PDGFR-B 57 
Fit-3 33 
p38 38 
c-Kit 68 
FGFR-1 580 
MEK-i, ERK-1, EGFR, HER2, c-met, IGFR-1, PKA, PKB, cdk1/cyclin B, >10,000 
pim-1, PKC-o, PKC-y 

Cellular kinase assay 
MEK phosphorylation in MDA MB 231 cells* 40 
ERK 1/2 phosphorylation in MDA MB 231 cells* 90 
MEK 1/2, and p44/p42 MAPK phosphorylation in FRO cells? 500 
RET phosphorylation in NIH3T3 fibroblasts 47 
Oncogenic V804L RET human thyroid carcinoma cells‘ 110 
Oncogenic V804M RET human thyroid carcinoma cells‘ 147 
Oncogenic b-raf V600E in human thyroid carcinoma cells 1000 
VEGFR-2 phosphorylation in NIH 3T3 fibroblasts 30 
VEGE-ERK 1/2 phosphorylation in HUVEC cells? 60 
PDGFR-B phosphorylation in HAOSMC* 80 
VEGFR-3 phosphorylation in HEK-293 cells 100 
Flt-3 phosphorylation in HEK-293 cells with human ITDs‘ 20 


“Human breast carcinoma cells containing G463V b-rafand G13D k-ras oncogenes. ®ARO and FRO human thyroid carcinoma cells. “Human 
thyroid carcinoma cell lines with RET mutations (V804L or V804M) conferring resistance to anilinoquinazolines and pyrazolopyrimidines, 
‘Human umbilical vein endothelial cells (HUVEC). “Human aortic smooth muscle cells (HAOSMC). ‘Internal tandem duplication Flt-3 
mutants found in human acute myeloid leukemia. ¢-Kit, stem cell factor receptor; c-met, hepatocyte growth factor receptor; edk, cyclin- 
dependent kinase; EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; FGFR, fibroblast growth factor 
receptor; Fit-3, FMS-like tyrosine kinase; HER2, human epidermal growth factor receptor-2; IFGR, insulin-like growth factor receptor; 
ITD, internal tandem duplication; MAPK, mitogen-activated protein kinase; MEK, mitogen extracellular kinase; PDGFR-B, platelet-derived 
growth factor receptor-beta ; pim-1, human proviral integration site for murine leukemia virus; PKA, protein kinase A; PKB, protein kinase 
B; PKC, protein kinase C; RET, rearranged during transfection tyrosine kinase; VEGFR, vascular endothelial growth factor receptor 
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the apoptosis of human melanoma cell lines by a 
MEK/ERK-independent and caspase-independent 
mechanism involving the nuclear translocation of 
apoptosis-inducing factor (Panka et al. 2006). 


36.3.2 
In Vivo Studies 


Mechanism of action studies were performed to 
demonstrate that sorafenib can target both the tu- 
mor and vascular compartments. Post-treatment 
tumor samples were examined by immunohisto- 
chemistry for a series of pharmacodynamic markers 
following daily oral dosing (30 mg/kg) for 5 days in 
nude mice. These markers were present either in the 
tumor tissue (pERK-1/2 and Ki-67), or in the tumor 
vasculature (CD31 and smooth muscle cell actin). 

Sorafenib exerted a potent anti-angiogenic effect 
in virtually all models tested, as demonstrated by 
a significant reduction in microvessel area and mi- 
crovessel density (Wilhelm et al. 2004). The growth- 
inhibitory effects of sorafenib in the Renca murine 
renal cancer model are associated with disruption 
of the tumor vasculature without significant down- 
regulation of pERK levels (Chang et al. 2005). The 
anti-angiogenic effects of sorafenib in these models 
are probably attributable to its inhibition of pro-an- 
giogenic endothelial cell (VEGFR-2) and pericyte 
(PDGFR-B) RTKs. 

In contrast, although sorafenib inhibited the 
growth of two NSCLC xenograft models (A549 and 
NCI-H460), it did not appear to inhibit the MAPK 
pathway in these experiments (Wilhelm et al. 2004). 
Sorafenib's inhibitory activity against human colon 
Colo-205 xenografts was also not associated with a 
detectable reduction in pERK (Wilhelm et al. 2004). 
However, in other human tumor xenograft mod- 
els (MDA-MB-231 breast; HT-29 colon; PLC/PRE/5 
HCC) (Liu et al. 2005), sorafenib's activity involved 
both inhibition of signaling through the MAPK 
pathway (i.e. antiproliferative effect) and inhibition 
of angiogenesis. Similar results were observed in a 
human melanoma xenograft model expressing b-raf 
V600E (Sharma et al. 2005). 


These data suggest that sorafenib can target the 
tumor cell MAPK pathway in some, but not all, 
tumor types. In addition, sorafenib targeted the tu- 
mor vasculature in all models tested. Recent data 
also indicate that inhibition of Raf-1 may promote 
cell death in endothelial cells as a downstream event 
of VEGFR-2 and FGF-receptor-1 stimulation (Alavi 
et al. 2003). 


36.3.3 
Preclinical and Clinical Combination Overview 


Sorafenib showed promising in vivo activity in tu- 
mor xenograft models in nude mice when dosed in 
combination with other chemotherapeutic agents 
(Carter et al. 2007). Phase I clinical trials have sub- 
sequently confirmed that sorafenib shows promise 
in combination with standard chemotherapeutic 
agents, such as oxaliplatin (Kupsch et al. 2005), 5- 
fluorouracil] and leucovorin (Figer et al. 2004), pacli- 
taxel/carboplatin (Flaherty et al. 2006), gemcitabine 
(Siu et al. 2006), taxotere (Awada et al. 2004), irinote- 
can (CPT-11) (Steinbild et al. 2005), and dacarbazine 
(DTIC) (Eisen et al. 2005). In these trials, co-admin- 
istered sorafenib did not significantly increase the 
toxicity of the chemotherapeutic agent in patients 
with advanced cancer. A full discussion of the clini- 
cal trials on sorafenib in combination with chemo- 
therapeutics is beyond the scope of this chapter; the 
most significant findings are described below. 


Rationale for Sorafenib in RCC 


Clear-cell RCC is the most prevalent and aggressive 
histological type of renal cancer, and is associated 
with loss of function of the von Hippel-Lindau 
(VHL) tumor suppressor gene (Brauch et al. 2000). 
Loss of VHL function results in overexpression of 
hypoxia-inducible factors (HIF)-1 and-2,andsubse- 
quent overexpression of pro-angiogenic (e.g. VEGF) 
and autocrine growth factors (e.g. TGF-a) (Leung 
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and Ohh 2002; Gunaratnam et al. 2003), Clear- 
cell RCC is a hypervascularized solid tumor also 
associated with increased Raf-1 activity (Oka et al. 
1995). Results of preclinical studies in a murine 
model of RCC, in which mice lack a functional 
VHL gene, have shown that TGF-a is overproduced 
and binds the EGFR of tumor cells to initiate an 
autocrine growth loop that involves HIF-2 upreg- 
ulation, increased VEGF production, and tumor 
angiogenesis (Fig. 36.3). Furthermore, downregu- 
lation of HIF-2 or EGFR inhibition prevents tumor 
growth in this model of RCC (Gunaratnam et al. 
2003; Rini 2005; Smith et al. 2005; de Paulsen et 
al. 2001). 

The signal transduction pathway activated by 
VEGF is a clear target of sorafenib, via inhibition 
of VEGFR-2 and/or Raf-1. This fact alone provides 


Proliferation 


Upregulation of 
nuclear genes 


Angiogenesis 


a strong rationale for the evaluation of sorafenib 
in advanced RCC (Fig. 36.3). Additional effects of 
sorafenib either directly on Raf-1, or on TGF-« sig- 
naling via Raf-1, can also be postulated but have 
not yet been clearly established in vivo. 


Clinical Development of Sorafenib in RCC 


Sorafenib was generally well tolerated in phase I tri- 
als investigating various oral dosing schedules in pa- 
tients with several forms of advanced cancer. These 
trials helped determine the recommended dose of 
sorafenib for phase II and III trials [i.e. 400 mg con- 


Paracrine 


Fig. 36.3. Key pathways involving Raf-1 that are activated in solid tumors (e.g. renal cell carcinoma) by hypoxia-inducible 
growth factors in the tumor cell, endothelial cells, and pericytes. ERK, Extracellular signal-regulated kinase; HIF, hypoxia- 
inducible factor; MEK, mitogen extracellular kinase; PDGF, platelet-derived growth factor; TGF-a, transforming growth 
factor-alpha; VEGF, vascular endothelial growth factor; VHL, von Hippel-Lindau gene 


663 


664 


D. Voliotis and J. Dumas 


tinuous twice daily (b.i.d.)]. Dose-limiting toxicities 
at continuous doses higher than 400 mg b.i.d. were 
diarrhea, fatigue, and skin rash (Awada et al. 2005; 
Clark et al. 2005; Moore et al. 2005; Strumberg et al. 
2005, 2006). The phase I trials included 11 RCC pa- 
tients who were evaluable for response (Awada et al. 
2005; Clark et al. 2005; Moore et al. 2005; Strumberg et 
al. 2005). One RCC patient had a partial response (PR) 
on a 600 mg b.i.d. regimen that was sustained for 104 
days (Awada et al. 2005), while two other RCC patients 
who received sorafenib had stable disease (SD), which 
lasted for 22 years (Clark et al. 2005; Strumberg et al. 
2005). Subsequently, an analysis of a cohort of 202 
patients participating in a large phase II randomized 
discontinuation trial (RDT) showed that sorafenib 
400 mg b.i.d. significantly prolonged median pro- 
gression-free survival (PFS) compared with placebo 
(24 weeks vs 6 weeks; P=0.0087) in patients with ad- 
vanced RCC (Fig. 36.4) (Ratain et al. 2006). 
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The anti-angiogenic effects of sorafenib on the t 
mor vasculature and the relationship between the 
anti-angiogenic effects and outcome were investigate 
in 17 patients with RCC who participated in the pha: 
II RDT using dynamic contrast-enhanced magnet 
resonance imaging (O’Dwyer et al. 2005). This tecl 
nique quantifies changes in tumor blood flow, perme 
ability, and vascular surface area over time (Padhar 
and Husband 2001). Sorafenib treatment significant] 
decreased the gadolinium exchange constant (Krans 
- a measure of the extent of neovascularization - be 
tween the serum and tumor in these 17 patients; a1 
observation consistent with an anti-angiogenic effec 
(O’Dwyer et al. 2005). The decline in Krans was as: 
sociated with subsequent clinical response and PFS 
(O’Dwyer et al. 2005). Baseline Krans was also sig- 
nificantly associated with PFS (O’Dwyer et al. 2005). 
Therefore, elevated Ktrans may be a marker of poor 
prognosis in RCC. 
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Fig. 36.4. Randomized discontinuation trial. Kaplan-Meier plot of investigator-assessed progression-free survival from 
week 12 randomization for patients randomized to placebo (n=33) or to sorafenib (1=32) (Ratain et al. 2006). This figure 
is reprinted with permission from the American Society of Clinical Oncology from Ratain et al. (2006) 
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Common adverse events included skin rash/des- 
quamation, hand-foot skin reaction (HFSR), and fa- 
tigue (Ratain et al. 2006). A subsequent phase III trial 
was performed to confirm the observed antitumor 
efficacy of sorafenib in patients with advanced RCC, 
and the results of this trial formed the basis of its re- 
cent approval by the FDA for this indication. 


36.5.1 
Phase III Sorafenib RCC Trial 


The phase III Treatment Approaches in Renal 
Cancer Global Evaluation Trial (TARGETs) was 
the largest randomized trial conducted in RCC to 
date. It was conducted in 117 centers in 19 coun- 
tries in patients with progressive, treatment-re- 
fractory, metastatic clear-cell RCC (Escudier et al. 
2005). The study design, including inclusion and 
exclusion criteria, has been reported previously 
(Escudier et al. 2005). 


36.5.1.1 
TARGETs Endpoints 


The primary efficacy endpoint was overall sur- 
vival. Secondary endpoints included investiga- 
tor-reviewed PFS, independentlyreviewed PFS, 
and overall response rate, as assessed using the 
Response Evaluation Criteria In Solid Tumors 
(RECIST) (Escudier et al. 2005). 


36.5.1.2 
TARGETs Efficacy 


In total, 903 patients were randomized to receive 
treatment in TARGETs (Eisen et al. 2006). In a 
planned interim overall survival analysis based on 
220 deaths, patients treated with sorafenib had a 
39% improvement in median overall survival rela- 
tive to those receiving placebo (hazard ratio 0.72; 
P<0.018) (Eisen et al. 2006). However, this survival 
improvement did not meet prespecified criteria for 
statistical significance (Bayer 2006). A final survival 
analysis will be undertaken after 540 deaths. 


Sorafenib significantly prolonged median PFS 
versus placebo (24 weeks (167 days) vs 12 weeks (84 
days); hazard ratio 0.44; P<0.000001] in a planned 
interim analysis of 769 patients assessed by inde- 
pendent radiologic review (Fig. 36.5) (Escudier et al. 
2005; Bayer 2006). This PFS benefit was independent 
of age (above or below 65 years), prior cytokine (in- 
terleukin-2 or interferon) therapy, baseline Eastern 
Cooperative Oncology Group (ECOG) performance 
status, Memorial Sloan-Kettering Cancer Center 
risk group, and time since diagnosis (Bayer 2006). 
At 3 months post-randomization, 75% of patients on 
sorafenib were progression-free compared with 43% 
on placebo (Escudier et al. 2005). 

The anti-angiogenic effects of sorafenib were 
evaluated in a subset of 27 patients in this phase III 
trial using Doppler ultrasonography with perfusion 
software (vascular recognition imaging, Toshiba) 
and contrast agent injection (Lamuraglia et al. 2005). 
With this technique, a decrease in contrast uptake 
reflects reduced blood flow consistent with an anti- 
angiogenic effect. Good responders to sorafenib, 
defined as patients who experienced a decrease in 
contrast uptake of 10% and a stable or decreased tu- 
mor volume, had a longer PFS (53 vs 30 weeks) and 
overall survival (57 vs 33 weeks) than poor respond- 
ers (Lamuraglia et al. 2005). 


36.5.1.3 
TARGETs Safety 


Sorafenib was generally well tolerated in TARGETs 
(Escudier et al. 2005), with dermatologic symptoms, 
such as rash or HFSR, among the most common 
adverse events (Bayer 2006). These dermatologic 
symptoms usually appeared within 6 weeks of initi- 
ating treatment and were generally mild or moderate 
(grade 1-2) in severity (Bayer 2006). These dermato- 
logic toxicities were easily managed by topical treat- 
ments, dose interruptions, or dose reductions. Only 
3 of 451 patients who received sorafenib discontin- 
ued permanently due to HFSR (Bayer 2006). Treat- 
ment-emergent hypertension, typically occurring 
early in the course of therapy, was more common 
with sorafenib (16.9%) than placebo (1.8%). How- 
ever, the hypertension was usually mild to moder- 
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Fig. 36.5. Phase III TARGETs: Kaplan-Meier plot showing that sorafenib significantly prolonged progression-free survival 
compared with placebo in patients with treatment-refractory, metastatic clear-cell renal cell carcinoma (Bayer 2006) 


ate (grade 1 or 2) and easily managed by standard 
antihypertensive medications (Bayer 2006). Hyper- 
tension resulted in only one discontinuation out of 
451 patients who received sorafenib in TARGETs 
(Bayer 2006). The incidence of bleeding of any cause 
was also higher with sorafenib treatment than pla- 
cebo (15.3% vs 8.2%). Although cardiac ischemia 
was rarely reported, it was also more common with 
sorafenib (2.9%) than placebo (0.4%). 

Drug-related adverse events that were more com- 
mon with sorafenib treatment than placebo in- 
cluded rash/desquamation (31% vs 11%), diarrhea 
(30% vs 7%), HFSR (26% vs 5%), and hypertension 
(8% vs <1%). However, the incidence of fatigue was 
similar between sorafenib-treated (18%) and pla- 
cebo (14%) patients (Escudier et al. 2005). No sig- 
nificant biochemical toxicities were associated with 
sorafenib in this interim phase III trial analysis 
(Escudier et al. 2005). 


36.5.1.4 
TARGETs Quality of Life 


The impact of sorafenib on health-related qual- 
ity of life (HRQOL) and on kidney cancer-related 
symptoms was also evaluated in TARGETs by com- 
parison with placebo. The impact of sorafenib treat- 
ment on HRQOL was measured by the Functional 
Assessment of Cancer Therapy-General (FACT-G) 
questionnaire, and symptoms were measured by the 
FACT-Kidney Cancer Symptom Index (FKSI) ques- 
tionnaire. In the FKSI questionnaire, patients used 
a Likert scale (0-4) to respond to each of 15 items. 
The results showed that sorafenib did not adversely 
affect HRQOL and had a positive impact on kidney 
cancer-related symptoms, including cough, fevers, 
worry that the condition would worsen, shortness 
of breath, and ability to enjoy life (Dhanda et al. 
2006). 
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Clinical Trials of Sorafenib in Other 
Tumor Types 


36.6.1 
Hepatocellular Carcinoma 


Hepatocellular carcinoma is a highly vascularized 
tumor that expresses high levels of VEGF (Park 
et al. 2000; Yamaguchi et al. 1998). Therefore, there 
:s a good rationale for investigating the benefits of 
sorafenib in this tumor type. The primary risk factor 
tor HCC is cirrhosis, particularly cirrhosis attribut- 
able to hepatitis B (HBV) and hepatitis C (HCV) 
viral infections - the two most important etiologi- 
cal factors for HCC (Yamaguchi et al. 1998; Cougot 
et al. 2005). HBV and HCV account for >70% of 
HCC cases worldwide (Cougot et al. 2005). When 
integrated into the DNA of their human host, HBV 
and HCV encode proteins that hyperactivate Raf ki- 
nase, one of sorafenib‘s molecular targets. Further- 
more, Raf-1 has been reported to be overactivated 
in 100% of HCC biopsies (30/30) in a recent study 
‘Hwang et al. 2004). Early evidence of the potential 
tor combining sorafenib with other agents in the 
treatment of HCC was provided by a phase J trial of 
sorafenib monotherapy, a phase I trial of sorafenib 
combined with doxorubicin, and a phase II trial 
of single-agent sorafenib. In the phase I sorafenib 
monotherapy trial in patients with advanced refrac- 
tory solid tumors, one patient with HCC had a PR 
(Strumberg et al. 2005). In the phase I combination 
therapy trial, four of 16 patients with SD had HCC 
(Richly et al. 2004a). In addition, the phase II trial 
showed that sorafenib monotherapy had antitumor 
activity in HCC patients, as assessed by modified 
World Health Organization response criteria (Abou- 
Alfa et al. 2006). In this trial, sorafenib induced a PR 
in three patients (2.2%), a minor response (MR) in 
eight patients (5.8%), and SD (lasting 216 weeks) in 
a further 46 patients (33.6%). Therefore, sorafenib 
had a 41.6% clinical benefit (CR+PR+MR+SD). 
Investigator-assessed median time to progression 
(TTP) was 4.2 months, and median overall survival 


was 9.2 months. Interestingly, despite appearing to 
increase in size (i.e. showing progressive disease 
by standard response criteria), the tumors of many 
patients receiving sorafenib in the trial showed ex- 
tensive areas of necrosis. Furthermore, patients with 
tumors with high levels of pERK staining (i.e. high 
levels of signaling through Raf and MEK) at baseline 
had a significantly longer TTP in this trial. However, 
only 18 of the 33 patients evaluated had high levels 
of pERK staining at baseline (Abou-Alfa et al. 2006), 
suggesting that the proportion of patients with HCC 
whose tumors have high levels of signaling through 
the MAPK pathway may be lower than previously 
reported in the literature. 

The results ofan extended phase! trial of sorafenib 
and doxorubicin in 18 patients with advanced HCC 
showed that the safety profile of sorafenib and doxo- 
rubicin in combination was similar to that expected 
of either agent alone (Richly et al. 2004b). Of 13 eval- 
uable patients, the best response observed was SD 
for at least 6 months in four patients (30%) and at 
least 3 months in seven patients (54%). The high pro- 
portion of patients included with previous systemic 
therapy (35%) could explain the low objective re- 
sponse rate observed in this trial. Because systemic 
chemotherapy has been shown to be ineffective in 
HCC (Bruix et al. 2001), itis possible that the disease 
stabilizations observed in this trial could be due to 
potentiation of doxorubicin's cytotoxic effects by 
sorafenib. 

An ongoing phase III trial is evaluating single- 
agent sorafenib in 560 patients with advanced HCC. 
Eligible patients will have a baseline ECOG perfor- 
mance status of 0-2, adequate liver function (i.e. 
Child-Pugh status A), and a life expectancy of at 
least 12 weeks. In this trial, patients will be random- 
ized to receive either sorafenib 400 mg b.i.d. or pla- 
cebo. Clinical efficacy will be assessed using overall 
survival and time to symptomatic progression as 
primary endpoints. Secondary endpoints include 
TTP, overall disease control rate (i.e. clinical benefit, 
as previously defined), and quality of life. 
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36.6.2 
Melanoma 


Increased signaling through the Raf/MEK/ERK 
pathway, as a result of autocrine stimulation by bFGF 
and hepatocyte growth factor, is implicated in me- 
lanocytic tumorigenesis (tumor growth, invasion, 
and metastasis) (Satyamoorthy et al. 2003). Further- 
more, the activity of ERK, which is downstream of 
Raf, has been shown to increase from early- to ad- 
vanced-stage melanoma (Satyamoorthy et al. 2003). 
This increased ERK activity may be the consequence 
of activating b-raf mutations, which are present 
in up to 80% of human melanomas (Davies et al. 
2002; Chang et al. 2004; Garnett and Marais 2004). 
The most prevalent oncogenic b-raf mutation is the 
b-raf V600E mutation (previously known as V599E), 
which is present in 63% of melanomas (Brose et al. 
2002). 

The increased apoptosis observed in human 
melanoma cell lines when b-raf expression is down- 
regulated using RNA interference supports a role 
for oncogenic b-raf driven MEK/ERK overactiva- 
tion in maintaining the transformed phenotype of 
malignant melanoma cells (Hingorani et al. 2003; 
Karasarides et al. 2004). This observation suggests 
that b-raf is the target of choice for the treatment 
of melanoma. There is also evidence of elevated 
expression of several angiogenic factors, including 
VEGF, bFGF, and interleukin-8, in primary cuta- 
neous melanomas (Streit and Detmar 2003). The 
overproduction of VEGF165 and its association with 
VEGFR expression favors cell growth and survival 
of melanoma cells through MAPK and phosphatidyl 
inosito]-3-kinase (PI3K) signaling pathways. These 
data support the involvement in melanoma growth 
and survival of a VEGF-dependent internal auto- 
crine loop mechanism, at least in vitro (Graells et al. 
2004). Therefore, there is a solid rationale for the use 
of sorafenib in the treatment of melanoma through 
inhibition of the VEGFR and Raf kinase isoforms. 

The effects of the combination of paclitaxel, car- 
boplatin, and sorafenib have been investigated in an 
open-label phase I trial in patients with progressive 
stage IV melanoma who had received multiple prior 


chemotherapy regimens (Flaherty et al. 2004). Most 
patients (60%) had received at least one prior therapy 
and had American Joint Committee on Cancer Mlc 
stage disease (68%). Interestingly, the preliminary 
results showed a high rate of PR (31%), ongoing 3-16 
months at the time of analysis, and 54% SD, but the 
antitumor activity appeared to be independent of 
tumor b-raf status. These results were encouraging 
and supported further evaluation of this combina- 
tion in patients with melanoma. 

Ongoing phase III trials are investigating the 
combination of sorafenib and repeated cycles of pa- 
clitaxel/carboplatin in patients with unresectable 
stage III or IV melanoma. Sorafenib has also been 
evaluated in combination with repeated cycles of 
DTIC in a single-center, open-label, phase I dose-es- 
calation trial that enrolled patients with metastatic 
melanoma (Eisen et al. 2005). Among 11 evaluable 
patients, two had PRs, two had tumor shrinkage that 
did not reach a PR, and one had SD after cycle 2. This 
combination is also undergoing further evaluation 
in clinical trials, including a phase II randomized, 
placebo-controlled trial in patients with unresect- 
able stage III or IV melanoma. 


Summary 


Sorafenib is a novel, multi-kinase inhibitor which 
targets the tumor cell and the tumor vasculature. 
This orally administered drug is well tolerated and 
shows promise against notoriously chemoresistant 
solid tumors. Based on its ability to significantly 
prolong PFS versus placebo, rather than its response 
rate, sorafenib was the first targeted agent to be ap- 
proved for the treatment of patients with advanced 
refractory RCC. It has now been approved for this 
indication in the US, Switzerland, Mexico, Chile, 
Brazil, Korea, and Argentina. Sorafenib has also re- 
cently received marketing approval from the Euro- 
pean Commission for the treatment of patients with 
advanced RCC who have failed prior interferon or 
interleukin-2 therapy or are ineligible for cytokine 
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therapy. Sorafenib also shows early signs of clinical 
efficacy, either alone or in combination regimens, 
in patients with advanced HCC and melanoma. 
Ongoing phase III clinical trials are further evalu- 
ating sorafenib combinations in HCC, melanoma, 
and NSCLC. Ongoing adjuvant trials will ultimately 
determine whether treatment with sorafenib post 
nephrectomy improves survival in patients with 
RCC. Finally, sorafenib is being compared head-to- 
head against interferon-c in previously untreated 
patients with RCC. 
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Abstract 


New blood vessel formation is fundamental 
to tumour growth and spread. The key sig- 
nalling molecules involved in the promotion 
of tumour angiogenesis are the vascular en- 
dothelial growth factors (VEGF), which exert 
their effects by binding to tyrosine kinase 
receptors: VEGFR-1, VEGFR-2 and VEGFR- 
3. VEGFR activation results in a range of 
downstream processes involved in angio- 
genesis, neovascular survival and induction 
of vascular permeability. Targeting of VEGF 
signalling is therefore a rational and poten- 
tially valuable therapeutic strategy. AZD2171 
is an oral, highly potent and selective VEGF 
signalling inhibitor of all three VEGFRs. 
Preclinical studies of AZD2171 have demon- 
strated selective inhibition of VEGF-stimu- 
lated human umbilical vein endothelial cell 
proliferation in vitro, as well as dose-depen- 
dent inhibition of tumour growth in a broad 


range of established human tumour xeno- 
grafts. These results are consistent with in- 
hibition of VEGF signalling and an anti-an- 
giogenic mode of action rather than a direct 
antiproliferative effect on tumour cells. The 
encouraging data obtained from preclinical 
studies have led to the clinical evaluation of 
AZD2171 as a single agent and in combina- 
tion with other anticancer treatments. The 
phase I programme has demonstrated that 
AZD2171 is generally well tolerated at doses 
up to 45 mg/day, with a manageable adverse 
event profile. Pharmacokinetic data support 
a once-daily oral dosing schedule. Prelimi- 
nary efficacy data demonstrate that AZD2171 
has encouraging antitumour activity in a 
range of tumour types, including renal, glio- 
blastoma multiforme, lung and colorectal 
cancers. These data warrant further clinical 
evaluation of AZD2171, and recruitment to a 
series of phase II, phase II/II and phase III 
trials is ongoing. 
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Introduction 


New blood vessel formation (angiogenesis) is funda- 
mental to tumour growth and spread (Ferrara et al. 
2003). Vascular endothelial growth factor (VEGF) 
has a key, rate-limiting role in promoting tumour 
angiogenesis and exerts its effects by binding to one 
of three tyrosine kinase receptors: VEGF receptor-1 
(VEGFR-1), VEGFR-2 and VEGFR-3. VEGFR-1 (li- 
gands include VEGF-A, -B and placental growth fac- 
tor, PIGF) and VEGFR-2 (ligands include VEGF-A, 
-C and -D) are predominantly expressed on vascu- 
lar endothelial cells, and activation of VEGFR-2 ap- 
pears to be both necessary and sufficient to mediate 
VEGF-dependent angiogenesis (Meyer et al. 1999) 
and induction of vascular permeability (Gille et al. 
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2001). Although the exact contribution of VEGFR-1 
signalling to angiogenesis is unclear, it has been 
shown to co-operate directly with VEGFR-2 via het- 
erodimerization and can bind two additional VEGF 
homologues, VEGF-B and PIGF (Autiero et al. 2003). 
VEGFR-3, largely restricted to lymphatic endothe- 
lial cells, binds the VEGF homologues VEGF-C and 
VEGF-D and may play an important role in the reg- 
ulation of lymphangiogenesis (Jussila and Alitalo 
2002; Cao 2005). 

Inhibiting tumour angiogenesis by targeting 

VEGF signalling is therefore a rational and poten- 
tially valuable therapeutic strategy. Indeed, recent 
studies with the anti-VEGF-A monoclonal antibody 
bevacizumab in combination with certain chemo- 
therapy regimens have demonstrated clinically 
relevant improvements in survival in colorectal 
(Hurwitz et al. 2004), lung (Sandler et al. 2005) and 
breast cancer (Miller et al. 2005). Antitumour ac- 
tivity has also been observed with small molecules 
such as sorafenib (Escudier et al. 2005) and sunitinib 
(Motzer et al. 2005), both of which possess activity 
against multiple kinases, including VEGFR tyrosine 
kinases. 
AZD2171 (Fig. 37.1) is an oral, highly potent inhibi- 
tor of VEGF signalling that selectively inhibits all 
known VEGFR tyrosine kinase activity (VEGFR-1, 
-2 and -3; Fig. 37.2). This chapter reviews the en- 
couraging results obtained to date with AZD2171 in 
a range of clinical studies. 
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Fig. 37.2. Inhibition of VEGFR activation by AZD2171. PIGF, placental growth factor; VEGF, vascular endothelial growth 


factor; VEGFR, VEGF receptor 


Preclinical Development of AZD2171 


37.2.1 
In Vitro Potency and Selectivity 


The effects of AZD2171 on receptor kinase activity 
were assessed in a recombinant enzyme assay versus 
isolated kinases (Wedge et al. 2005). AZD2171 was 
shown to be a highly potent inhibitor of VEGFR-2 
tyrosine kinase activity (IC;)<1 nM). It also demon- 
strated potentactivity versus VEGFR-1 and VEGFR-3 
(IC;,=5 nM and <3 nM, respectively) and additional 
activity versus c-Kit (IC,,=2 nM). AZD2171 showed 
excellent selectivity versus a range of additional ty- 
rosine and serine/threonine kinases, including Flt-3 
(IC;9<1000 nM) and epidermal growth factor recep- 
tor (EGFR; IC,,<1000 nM). 

Theability of AZD2171 to inhibit growth factor-stim- 
ulated receptor phosphorylation was determined in 
a range of cell lines (Wedge et al. 2005). AZD2171 


produced a dose-dependent inhibition of VEGF-in- 
duced VEGFR-2 phosphorylation in human umbili- 
cal vein endothelial cells (HUVECs), with an IC, 
value of 0.5 nM. Furthermore, this effect was also 
associated with inhibition of MAP kinase phosphor- 
ylation, a downstream marker of VEGF signalling. 
Compared with inhibition of VEGFR-2 phosphory- 
lation in HUVECs, a 2 times higher concentration 
of AZD2171 was required to inhibit phosphorylation 
of c-Kit receptors in NCI-H5262 cells. In contrast, 
10-16 times higher concentrations of AZD2171 were 
required to produce similar inhibition of platelet- 
derived growth factor (PDGF)-induced phosphory- 
lation of PDGFR-o and -B in MG63 cells. Consistent 
with inhibition of VEGFR-2 tyrosine kinase activity, 
AZD2171 was also shown to bea potent and selective 
inhibitor of VEGF-stimulated HUVEC proliferation 
(IC;,=0.4 nM). Approximately 275- and 1250-fold 
higher concentrations were required to inhibit pro- 
liferation induced by basic fibroblast growth factor 
(IC;,=110 nM) or EGF (IC;,=500 nM). The effect of 
AZD2171 on PDGF-AA/PDGFR-a-dependent cellu- 
lar proliferation was examined in MG63 cells, with 
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anantiproliferative effect only occurring at AZD2171 
concentrations that were 100 times greater than 
those required for comparable inhibition of VEGF- 
driven HUVEC proliferation (Wedge et al. 2005). 
These data suggest that AZD2171 can selectively 
inhibit VEGFR-dependent proliferation but appre- 
ciable functional selectivity is evident against other 
targets, including EGFR, FGFR and PDGFR-a. 


37.2.2 
In Vivo Inhibition of VEGF Signalling 
and Angiogenesis 


The in vivo activity of AZD2171 was investigated in 
a model of vascular sprouting (Wedge et al. 2005). 
In nude mice implanted with a VEGF-containing 
Matrigel plug, once-daily oral administration of 
both low (1.5 mg/kg/day) and high (6 mg/kg/day) 
doses of AZD2171 for 7 days completely abolished 
VEGF-induced vessel formation. These results dem- 
onstrate that AZD217] is a potent inhibitor of VEGF- 
induced angiogenesis (Wedge et al. 2005). 

The VEGF signalling pathway is one of several in- 
volved in mammalian blood pressure homeostasis 
through its vasodilatory properties. By removing an 
important contributing factor to overall vasodila- 
tory tone, agents that inhibit VEGF signalling may, 
indirectly, cause vasoconstriction. Preclinical stud- 
ies have demonstrated that hypertension may occur 
following treatment with AZD2171; however, nor- 
motension may be successfully maintained using 
antihypertensive agents (Curwen et al. 2005). 


37.2.3 
In Vivo Inhibition of Tumour Growth 


AZD2171 has demonstrated antitumour efficacy in 
a number of in vivo preclinical studies, including 
xenograft, orthotopic, metastatic and spontaneous 
models of human cancer (Wedge et al. 2005; Chap. 
23 of this book). 

Once-daily oral administration of AZD2171 (1.5- 
6 mg/kg/day) produced dose-dependent inhibi- 
tion of tumour growth in a range of histologically 


distinct human tumour xenografts (lung, colon, 
breast, prostate and ovarian). In each of the tumour 
models, treatment with the highest dose investi- 
gated (6 mg/kg/day) resulted in >90% inhibition 
of tumour volume compared with time-matched 
controls. For example, Fig. 37.3 shows the effect of 
AZD2171 on growth of MDA-MB-231 human breast 
tumour xenografts. 

The effects of AZD2171 on both tumour volume 
and tumour vascular density were examined in 
Calu-6 human lung tumour xenografts (Wedge et 
al. 2005). Chronic treatment with AZD2171 (6 mg/ 
kg/day) for 21 days inhibited tumour growth by 
68% compared with controls, and there was a cor- 
responding reduction in tumour vessel density of 
270%. Acute treatment showed a 47% reduction in 
vessel number after only three doses of AZD2171. 
These findings indicate that AZD2171 can cause 
vascular regression in tumours and this is likely to 
be due to a direct action of AZD2171 on tumour en- 
dothelium, derived from potent inhibition of VEGF 
signalling and neovascular survival. 

AZD2171 has also been shown to decrease pri- 
mary tumour growth, metastasis and microvessel 
density in an orthotopic model of murine renal cell 
carcinoma (Drevs et al. 2004). This model develops 
primary tumours within 1 week and generally me- 
tastasizes to the lung and abdominal lymph nodes 
within 10 days. Treatment with AZD2171 (6.3 mg/ 
kg/day p.o. for 7 days), which commenced 8 days 
after tumour implantation, resulted in a significant 
reduction in primary tumour volume (by 50%) and 
vessel density (by 45%), as well as a 54% reduction 
in lung metastases (Fig. 37.4). 

AZD2171 has also been used to investigate the po- 
tential role of VEGF signalling in early-stage tumour 
development using a mouse model of spontaneous 
multiple intestinal neoplasia (Min) (Goodlad et al. 
2005). Administration of AZD2171 (5 mg/kg/day 
p.o.) to 6-week old Min mice for 28 days significantly 
reduced polyp number in the small bowel by 46% 
and in the colon by 62% (both P<0.05). 

An orthotopic human lung adenocarcinoma 
mouse model was used to study the effects of 
AZD2171 (6 mg/kg/day p.o.) in combination with 
gefitinib (25 mg/kg/day p.o.) or paclitaxel (150 ug/ 
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Fig. 37.3. Effect of 2.0 
AZD2171 on growth of 
MDA-MB-231 human 


breast tumour xenografts 
1.6 


Mean tumour volume (cm?) 


weeklyi.p.) (Wu et al. 2005). AZD2171 showed mono- 
therapy efficacy in this model, and combination 
treatments suppressed tumour growth, lymphatic 
and chest wall metastasis, and pleural effusion to a 
greater extent than either agent alone. 

Taking all these findings together, AZD2171 has 
shown antitumour activity in a range of preclinical in 
vivo models consistent with inhibition of VEGF sig- 
nalling and an anti-angiogenic mode of action rather 
than a direct antiproliferative effect on tumour cells. 


Clinical Development 


The encouraging data obtained from preclini- 
cal studies have led to the clinical evaluation of 
AZD2171 in patients with cancer. The clinical devel- 
opment programme includes a comprehensive series 
of phase I clinical trials to investigate AZD2171 as a 
single agent and in combination with certain other 
anticancer treatments (Table 37.1). 


MDA-MB-231 (breast) 


E Control 
—@— 0.75 mg/kg/day 
1.50 mg/kg/day 
—~ 3.00 mg/kg/day 
—B— 6.00 mg/kg/day 


Days of treatment 


37.3.1 
Phase I Dose-finding Study 


This single-centre, two-part open study was the first 
phase I clinical evaluation of AZD2171 (Drevs et al. 
2007). The primary objective was to assess the safety 
and tolerability of ascending doses of AZD2171 in 
patients with advanced solid tumours refractory to 
standard treatments, or for whom no standard treat- 
ment existed. Secondary objectives included assess- 
ments of pharmacokinetics, pharmacodynamics and 
efficacy. 

A total of 83 patients entered the study and re- 
ceived treatment with AZD2171. All patients in part 
A (n=36) had metastatic liver disease, whereas pa- 
tients with (n=36) or without (n=11) liver lesions 
were recruited to part B. The primary tumour types 
for part A were colorectal (n=7); breast (n=4); renal 
(n=3); skin/soft tissue (n=3); lung (n=1); prostate 
(n=1); small bowel (n=1); liver (n=1); other (”=7). 
In part A, patients received a single oral dose of 
AZD2171 (0.5, 1, 2.5, 5, 10, 20, 30, 45 or 60 mg) fol- 
lowed by a 2- to 7-day observation period. At the end 
of this period, patients received once-daily treatment 
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Fig. 37.4a-c. AZD2171 (6.3 mg/kg/day) inhibits a primary tumour growth, b tumour vessel density and c lung metastases 
in an orthotopic model of renal cell carcinoma (Drevs et al. 2004) 


until tumour progression or uncontrollable toxicity 
was observed. Part B was a cohort expansion phase 
in which patients were randomized to receive oral 
AZD2171 once daily at one of three potentially ac- 
tive and well-tolerated doses from part A (20, 30 and 
45 mg). In both parts, patients received AZD2171 
until tumour progression or uncontrollable toxicity 
was observed. 

Serial blood samples were collected for pharma- 
cokinetic assessments following single and multiple 
doses. Pharmacodynamic parameters included 
soluble markers of angiogenesis measured in se- 
rum and plasma samples, iAUC60 and K''#"S [indi- 
cators of tumour blood flow and permeability, as- 
sessed using dynamic contrast-enhanced magnetic 
resonance imaging (DCE-MRI) of liver lesions] 
(Strecker et al. 2003), A solitary measurable target 
lesion, with other lesions classified and followed 
as non-target lesions, was evaluated according to 
RECIST (Therasse et al. 2000) before the start of the 
study and every 28 days following the start of daily 
AZD2171 dosing. 

AZD2171 was generally well tolerated at doses 
of <45 mg/day. The most frequently occurring ad- 
verse events, irrespective of causality, were fatigue 


(n=47), diarrhoea (n=39), nausea (n=34), dyspho- 
nia (n=30), and hypertension (n=29). Among the 
adverse events reported, dysphonia, hyperten- 
sion and diarrhoea were considered by the inves- 
tigator to be mostly drug related. The overall inci- 
dence of drug-related grade 3 or 4 adverse events 
was low, and none were recorded at doses <10 mg 
(Table 37.2). As predicted from the preclinical data, 
the most common dose-limiting toxicity was hy- 
pertension (n=7; reported only at doses 220 mg). 
Importantly, most cases of hypertension were man- 
ageable by standard antihypertensive therapy, and 
a hypertension management protocol has been de- 
veloped for use in future clinical studies. This out- 
come is consistent with the results from a preclinical 
study of AZD2171 in conscious rats, which showed 
that hypertension resulting from inhibition of VEGF 
signalling could be reversed with an appropriate an- 
tihypertensive agent (Curwen et al. 2005). Hyperten- 
sion has also been observed with clinical evaluation 
of small-molecule VEGF tyrosine kinase inhibitors 
other than AZD2171 (Drevs et al. 2002; Raymond et 
al. 2003; Veronese et al. 2004), as well as the anti- 
VEGF-A monoclonal antibody bevacizumab (Hur- 
witz et al. 2004; Johnson et al. 2004). 
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Table 37.1. Summary of phase I clinical trials for AZD2171 


Patients (71)? 


Study (code) 
Monotherapy 


AZD2171 dose-finding study in patients 
with advanced solid malignant tumours 
(2171IL/0001) (Drevs et al. 2006) 


AZD2171 in patients with advanced 
prostate adenocarcinoma (21711L/0003) 
(Ryan et al. 2005) 


Combination therapy 


AZD2171 in combination with carbo- 
platin and paclitaxel in patients with 
advanced NSCLC (2171IL/0009) (Laurie 
et al. 2006) 


AZD2171 in combination with gefi- 
tinib in patients with advanced cancer 
(2171IL/0004) (van Cruijsen et al. 2006) 


AZD2171 in combination with selected 
chemotherapy regimens (including 
mFOLFOX6, irinotecan, docetaxel and 
pemetrexed) in patients with advanced 
solid tumours (2171IL/0008) (LoRusso 
et al. 2006) 


AZD2171 in combination with selected 
chemotherapy regimens (including 
mFOLFOX6, irinotecan, docetaxel and 
pemetrexed) in patients with advanced 
solid tumours (2171IL/0008) (LoRusso 
et al. 2006) 


83 


24 


20 


70 


46 


46 


Status? and key findings* 


Completed: once-daily, oral AZD2171 at doses $45 mg/day was 
generally well tolerated and was associated with encouraging 
antitumour activity. Orally bioavailable; t,,. ~20 h 


Completed: AZD2171 was considered to be well tolerated at 
doses <20 mg/day 


Completed: adverse events were manageable and predict- 
able, with encouraging evidence of antitumour activity with 
AZD2171 (30-45 mg) in combination with carboplatin and 
paclitaxel 


Ongoing: no unexpected toxicities associated with AZD2171 
(20-45 mg) in combination with gefitinib (250 or 500 mg); 
preliminary response data are encouraging 


Ongoing: combination regimens have been well tolerated, with 
no unexpected toxicities, and have shown preliminary evi- 
dence of antitumour activity 


Ongoing: combination regimens have been well tolerated, with 
no unexpected toxicities, and have shown preliminary evi- 
dence of antitumour activity 


mFOLFOX6, fluorouracil, leucovorin and oxaliplatin, *As reported in the referenced publication, "Status as of May 2006 


Following a single oral dose of AZD2171, maxi- 
mal plasma concentration was measured at be- 
tween 1 h and 8h post dosing (overall median 3 h). 
The plasma concentration declined in an appar- 
ently biexponential manner, with a terminal half- 
life ranging from 12.4 h to 35.7 h (overall arithme- 
tic mean 22+6.5 h). Following multiple once-daily 
dosing for 28 days, the maximal plasma concentra- 
tion was measured at between 1 h and 6.4 h (over- 
all median 2.1 h; Fig. 37.5). Steady-state plasma 
concentrations were attained after approximately 
7 days. In addition, steady-state plasma concentra- 
tions were predicted by the single-dose pharmaco- 


kinetics, with the grand arithmetic mean temporal 
change parameter value being 0.988. This supports 
no auto-induction or auto-inhibition of AZD2171 
metabolism following multiple doses. Following 
multiple oral doses of AZD2171 20mg, the un- 
bound C,, in Was almost 5 times greater than the 
measured IC;, for inhibition of HUVEC prolifera- 
tion. This suggests that under steady-state con- 
ditions, AZD2171 at doses of 20 mg will produce 
plasma concentrations sufficient for inhibition of 
target enzymes throughout the entire 24-h dosing 
interval. This is supportive of the once-daily oral 
dosing of AZD2171. 
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Table 37.2. Grade 3 or 4 drug-related* adverse events occurring in more than one patient 


Dose of AZD2171 (mg) 


MedDRA-preferred term CTC grade? 20 (n=19) 30 (n=21) 45 (n=19) 60 (n=8) All (n=83) 
Hypertension 3 4 3 4 2 13 
Hypertensive crisis 2 0 1 0 3 

GGT increased 3 0 3 0 0 3 

PPE syndrome 3 0 0 2 1 3 
Diarrhoea 3 0 1 1 0 2 


Adverse events occurring at both grades 3 and 4 in the same patient are only counted once. MedDRA, Medical Dictionary for 
Regulatory Activities; CTC, Common Terminology Criteria; GGT, gamma-glutamyl transferase; PPE syndrome, palmar-plan- 
tar erythrodysaesthesia syndrome (hand-foot syndrome). *The investigator considered there was reasonable possibility that 
the event may have been caused by the study treatment or procedure. "No drug-related CTC grade 3 or 4 adverse events were 


reported at doses <10 mg 


The following DCE-MRI assessments were 
used to measure the vascular response following 
AZD2171 treatment. The initial area under the curve 
(defined over 60 s; iAUC,,) parameter was based on 
the change in contrast agent concentration. Addi- 
tionally, pharmacokinetic modelling was used to 
calculate the volume transfer constant (K'™"5) of the 
contrast agent from the plasma to the extracellular 
extravascular space. Both iAUC,, and K'*"§ repre- 
sent composite measurements of vascular flow, vol- 
ume and permeability (Parker et al. 1997; Tofts et al. 
1999; Evelhoch 1999; Medved et al. 2004). 


1000.0 -- 0.5 mg 


te 1.0 mg 
-20 mg 


100.0 


10.0 


AZD2171 plasma conc (ng/ml) 


0.1 


Time (hours) 


2 2.5 mg 


Œ 30mg 


The specimen DCE-MRI images in Fig. 37.6 show 
that AZD2171 modulates tumour blood flow and 
vascular permeability. Following 28 days of multiple 
dosing with AZD2171 (0.5-60 mg) in parts A and B, 
multiple dose pharmacokinetic parameters (AUC,,, 
Crnax,ss and Cmin,ss) appeared to be a major deter- 
minant (R?=0.33-0.49) of the decrease in tumour 
vascular permeability and blood flow as assessed 
by percentage change in iAUC,, (Fig. 37.7). The re- 
lationship between each pharmacokinetic param- 
eter and changes in iAUC,, was significant (P<0.01). 
Findings from the statistical analysis of K'a" were 


-@-5.0mg > 10mg 


-> 45 mg -60 mg 


Fig. 37.5. AZD2171 
plasma concentra- 
tion-time profile after 
multiple oral dosing in 
part A. Data are shown as 
the geometric mean for 
each dose level (Drevs et 
al. 2007) 
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Fig. 37.6. Top: Example of DCE-MRI parametric images of tumour iAUC,, and K''*"* after single (24 h, day 2) and multiple 
daily dosing (28 and 56 days) with AZD2171. Bottom: Corresponding T1-weighted pre- and post-contrast MRI scans. This 
patient with prostate cancer experienced a best overall response of partial response and had overall tumour reductions in 
iAUCg, (68% reduction at 24 h, 73% at 28 days and 84% at 56 days) and K''*"* (67% reduction at 24 h, 83% at 28 days and 
95% at 56 days) (Drevs et al. 2007) 


681 


682 


J. Drevs and C. Unger 


% Change in iAUC60 


0 500 1000 1500 


AUC,, (ng-h/ml) 


% Change in iAUC60 


Cys max (ng/ml) 


% Change in iAUC60 


Cy. min (ng/ml) 


consistent with those for iAUC,,. However, when the 
dose range was restricted to the doses explored in 
the randomized part B (20, 30 and 45 mg), the phar- 
macokinetic parameters were not a major determi- 
nant (R2 range 0.12-0.35; data not shown). Statisti- 
cal analyses revealed significant average reductions 
from baseline in iAUC,, for all three doses in part B 


R?=0.49 Fig. 37.7a-c. Relation- 
y =-17-0.031 x AUCs ship between change 
P<0.01 from baseline iAUC,, at 
day 28 with a AUC,,, 
b Cy. max and c Cy. min 
(Drevs et al. 2007) 


2000 2500 


R? = 0.33 
y = -25-0.262 X C, max 
P < 0.01 


200 250 


R? = 0.47 
y = -20-1.194 X Cy. min 
P<0.01 


40 50 60 


(Fig. 37.8), although there was no evidence of a dose 
effect when the dose range was restricted to these 
doses. 

Once-daily dosing with AZD2171 was also associ- 
ated with time- and dose-dependent reductions in 
levels of soluble VEGFR-2. Conversely, VEGF levels 
showed an apparent increase at all doses with no 
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evidence of a dose relationship. The decreased lev- 
els of VEGFR-2 and increased levels of VEGF may be 
related to the highly potent anti-angiogenic activity 
of AZD2171. 

Tumour response evaluations confirmed partial 
responses in two patients, one each with prostate 
(45 mg) and renal (60 mg) cancer as the primary tu- 
mour type. A further 22 patients had stable disease, 
including two unconfirmed partial response (20 mg) 
and seven confirmed minor responses (20 mg; 10- 
30% reduction). The minor responses were observed 
in patients with the following primary tumour types: 
breast (n=2), colorectal, lung, head and neck, liver 
and skin/soft tissue (n=1 each). The smallest post- 
dose measurements of the target lesion size for each 
patient during the study suggested dose-related de- 
creases in tumour size (Fig. 37.9). 

In summary, the results of this phase I dose-find- 
ing study demonstrated that once-daily oral admin- 
istration of AZD2171 at doses of <45 mg were gener- 
ally well tolerated in patients with advanced cancer. 
In addition, the pharmacokinetic profile supports a 
once-daily dosing regimen. AZD2171 demonstrated 
exposure-related reductions in tumour blood flow 


and vascular permeability, time- and dose-related 
decreases in soluble VEGFR-2 levels and increased 
VEGF levels, all of which are consistent with inhi- 
bition of VEGF signalling. The encouraging pre- 
liminary efficacy data, including the dose-related 
decreases in tumour size, suggest that AZD2171 has 
clinical activity in a range of tumour types, includ- 
ing those refractory to previous treatment. 


37.3.2 
Other Phase | Studies 


37.3.2.1 
AZD2171 Monotherapy in Prostate Cancer 


In this multicentre trial, patients with advanced, 
hormone-refractory prostate adenocarcinoma re- 
ceived once-daily oral doses of AZD2171 until a 
withdrawal criterion was met (Ryan et al. 2005). The 
primary objective was to assess the safety and toler- 
ability of AZD2171. Secondary objectives included 
determination of the pharmacokinetic profile and 
preliminary evaluation of efficacy. 


Fig. 37.8. Estimated 
percentage change from 
baseline in iAUCg, (+ 
90% confidence inter- 
val) after 1 day, 28 days 
and 56 days (20, 30 and 
45 mg). Changes at doses 
<10 mg were not signifi- 
cant. No significant dif- 
ferences were detected 
between the doses. The 
number of patients in 
each group is shown 
above the data points 
(Drevs et al. 2007) 
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Twenty-four patients received treatment with 

AZD2171 (1, 2.5, 5, 10, 20 or 30 mg), which was con- 
sidered to be generally well tolerated at doses <20 mg. 
Adverse events were generally mild at doses <10 mg, 
with only fatigue, anorexia and nausea reported in 
more than one patient. Among the 10 patients in the 
20 mg cohort, grade 3 adverse events considered by 
the investigator to be possibly drug related were hy- 
pertension (n=1), myalgia (n=1) and transient isch- 
aemic attack (n=1). Accrual to the 30 mg cohort was 
discontinued per protocol after two patients experi- 
enced a total of three suspected dose-limiting tox- 
icities (n=1 each for fatigue, muscle weakness and 
hypertension, all grade 3). 
Plasma concentrations at all dose levels reached 
their maximal value at 2-8h post dosing with an 
overall median value of 2h. Steady-state plasma 
concentrations were attained after approximately 7 
days of repeated once daily dosing. The observed 
accumulation ratio supports an effective half-life of 
approximately 25h. Following multiple oral doses 
of 20 mg, the unbound C,, .,,, is 5 times above the 
HUVEC proliferation IC). These data are consis- 
tent with the pharmacokinetic profile determined 
in the initial dose-finding study and provide further 
evidence supporting the once-daily oral dosing regi- 
men of AZD2171 (Ryan et al. 2005). 


Change from baseline (%} 
N 
[ os 


-70 =10 mg 


20 mg 30mg 


In this refractory population, one patient receiv- 
ing 20 mg had a prostate-specific antigen (PSA) de- 
cline of 30%. A 30-day follow-up showed a second 
patient in this cohort experienced a >50% decrease 
in PSA and computed tomography revealed complete 
resolution of retroperitoneal adenopathy. This pa- 
tient has remained progression-free for >6 months 
after stopping treatment and has not required any 
further antitumour therapy. The final results from 
this study are expected to be available late 2006. 


37.3.2.2 
AZD2171 with Carboplatin and Paclitaxel in NSCLC 


This recently completed phase I study recruited 
20 patients with stage IIIB/IV non-small-cell lung 
cancer (NSCLC) who had not received prior chemo- 
therapy for metastatic disease and had no signifi- 
cant haemoptysis or bleeding (Laurie et al. 2006). 
The primary objective was to determine the recom- 
mended dose of AZD2171 to be given with stan- 
dard doses of carboplatin and paclitaxel in phase II 
studies. Secondary objectives included evaluations 
of tolerability, safety, pharmacokinetics and antitu- 
mour activity. 

Patients received once-daily oraldosesofAZD2171 
30 mg (n=9) or 45 mg (n=11) with carboplatin (tar- 


Fig. 37.9. Smallest post- 
dose measurement of 
target lesion size from 
baseline. Data not avail- 
able for 18 patients: 16 
withdrew prior to scan- 
ning due to adverse 
events (n=11), progressive 
disease (n=4) or unwill- 
ingness to continue study 
(n=1); no scan data avail- 
able for 2 patients (Drevs 
et al. 2007) 
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get AUC=6 mg/ml-min) and paclitaxel (200 mg/m”). 
Adverse events appeared to be manageable. Dose- 
limiting toxicity was observed in one patient from 
each cohort: grade 3 increased alanine aminotrans- 
ferase (30 mg) and grade 3 febrile neutropenia with 
grade 3 mucositis (45 mg). Six patients experienced 
hypertension (grade 2), which prompted the use of 
a standardized algorithm for management of this 
adverse event. 

There was encouraging preliminary evidence of 
antitumour activity with this combination regimen. 
Among the 15 patients evaluable for tumour re- 
sponse, six showed a partial response, eight had sta- 
ble disease (many with evidence of tumour shrink- 
age) and one patient had progressive disease. 


37.3.2.3 
AZD2171 with Selected Chemotherapy Regimens in 
Advanced Cancer 


This phase I trial in patients with heavily pre- 
treated solid tumours was designed to evaluate 
the safety and tolerability of escalating doses 

of AZD2171 (20, 30 and 45 mg) in combination 
with selected chemotherapy regimens, including 
mFOLFOX6 (oxaliplatin 85 mg/m?, 5-FU 400 mg/ 
m?, leucovorin 400 mg/m? every 2 weeks; arm 

1); irinotecan 300 mg/m? every 3 weeks (arm 2); 
docetaxel 75 mg/m? every 3 weeks (arm 3) and 
pemetrexed 500 mg/m? every 3 weeks (arm 4) (Lo- 
Russo et al. 2006). Secondary objectives include 


evaluation of any potential pharmacokinetic inter- 
action and clinical efficacy. 

Forty-six patients had been recruited to this ongo- 
ing study by January 2006. Dose-limiting toxicities 
(grade 3 unless stated) considered to be related to 
combination therapies included: arm 1 - diarrhoea 
and fatigue; arm 2 - neutropenia (grade 3 or 4) and 
thrombocytopenia (grade 3 or 4); arm 3 - fatigue, 
neutropenia (grade 3 or 4), abdominal pain, hand- 
foot syndrome, leucopoenia and small intestinal ob- 
struction; arm 4 - fatigue and hypertension. 

AZD2171 did not appear to alter the pharmacoki- 
netic profiles of any chemotherapy regimen tested, 
and the steady-state pharmacokinetic values of 
AZD2171 are similar to those observed from mono- 
therapy studies. Preliminary response data have 
been encouraging in this heavily pretreated popula- 
tion, with three partial tumour responses and a fur- 
ther eight patients experiencing stable disease. 


37.3.2.4 
AZD2171 with Gefitinib in Advanced Cancer 


The primary aim of this phase I trial is to assess the 
safety and tolerability of AZD2171 in combination 
with gefitinib (IRESSA°), an inhibitor of EGFR tyro- 
sine kinase (van Cruijsen et al. 2006). As of Septem- 
ber 2005, 70 patients with advanced solid tumours 
refractory to standard therapy had received once- 
daily oral doses of AZD2171 (20, 25, 30 or 45 mg) in 
combination with gefitinib (250 or 500 mg). 


Table 37.3. Summary of key phase II and phase II/I clinical trials 


Study 

Phase II 

AZD2171+FOLFOX vs bevacizumab+FOLFOX 
Phase II/III 

Paclitaxel and carboplatin + AZD2171 


Tumour type 


First-line NSCLC 


Primary objectives 


Second-line metastatic CRC Assessment of PFS 


Assessment of PFS and overall survival. 
Determination of pharmacogenomics 
and pharmacodynamic aspects of these 
regimens. 


CRC, colorectal cancer; FOLFOX, fluorouracil, leucovorin and oxaliplatin; NSCLC, non-small cell lung cancer; PFS, progres- 


sion-free survival; 
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There have been no unexpected toxicities associ- 
ated with combination treatment. The most com- 
monly reported grade 3 or 4 adverse events were di- 
arrhoea, anorexia, hypertension and fatigue. 

The steady-state pharmacokinetic profile for 
AZD2171 30 mg and gefitinib 250 mg is consistent 
with that seen previously for either agent alone. Par- 
tial tumour responses have been confirmed in two 
patients, one each with mesothelioma and renal can- 
cer as the primary tumour type; following surgery, 
the patient with renal cancer is currently free from 
disease. Stable disease was reported for a further 28 
patients. 


37.3.3 
Summary of Clinical Development Programme 


The phase I programme has demonstrated that 
once-daily, oral administration of AZD2171 is gen- 
erally well tolerated, with a manageable adverse 
event profile. Moreover, the encouraging prelimi- 
nary evidence of efficacy in a range of tumour types 
warrants further clinical evaluation, and recruit- 
ment to a series of randomized, double-blind phase 
II and phase II/III trials is currently under way 
(Table 37.3). 


Conclusions and Future Directions 


AZD2171 is one of the most potent inhibitors of 
VEGFR-2 tyrosine kinase activity in develop- 
ment. Preclinical studies have demonstrated that 
AZD2171 inhibits VEGF-dependent signalling, 
angiogenesis and neovascular survival, AZD2171 
is also a potent inhibitor of VEGFR-1 and -3 ty- 
rosine kinases, and shows selectivity for VEGFRs 
versus a range of other kinases. Consistent with an 
anti-angiogenic effect, once-daily treatment with 
AZD2171 produced dose-dependent inhibition of 
tumour growth in a broad range of established hu- 
man tumour xenografts. 


A series of phase I studies have been conducted 
to investigate AZD2171 in patients with cancer, both 
as monotherapy and in combination with certain 
other anticancer strategies. These investigations 
have shown AZD2171 to be generally well tolerated, 
with side effects that are tolerable and manageable. 
Currently available pharmacokinetic data are sup- 
portive of a once-daily oral dosing schedule for 
AZD2171, Furthermore, preliminary efficacy data 
demonstrate that AZD2171 has potential antitumour 
activity in multiple tumour types. Recruitment to a 
number of clinical trials has been initiated to fur- 
ther determine the activity of AZD2171 in a wide 
range of tumours. 
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Abstract 


Sunitinib malate (SUTENT”, $U11248, Pfizer 
Inc.) is an oral multitargeted receptor tyro- 
sine kinase (RTK) inhibitor with antiangio- 
genic and antitumor activity. RTKs are trans- 
membrane proteins, the dysregulated activity 
of which has been linked to the growth and 
metastatic spread of human cancers. Sunitinib 
has shown efficacy in phase II and phase III 
trials of metastatic renal cel! carcinoma (RCC) 
and gastrointestinal stromal tumors (GIST). 
The phase III study in imatinib-resistant or 
-intolerant GIST patients was unblinded early 
when the planned interim analysis revealed 
a significant time to progression advantage 
for sunitinib compared with placebo (27.3 
weeks vs 6.4 weeks; P<0,0001). In the recently 
reported phase III comparison of first-line 
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sunitinib and interferon alfa (IFN-a) in met- 
astatic RCC patients, treatment with sunitinib 
also resulted in a significantly longer progres- 
sion-free survival than IFN-a (11 vs 5 months; 
P<0.001). Sunitinib is well tolerated and has a 
consistent, predictable safety profile. The most 
common treatment-related adverse events 
reported in the clinical program have been 
fatigue, diarrhea, nausea, vomiting, and an- 
orexia. Fatigue was not commonly associated 
with treatment discontinuation. Gastrointes- 
tinal toxicities were generally manageable. En- 
couraging results from single-agent studies in 
other tumor types such as metastatic breast 
cancer and non-small cell lung cancer have 
led to planned and ongoing investigations of 
this agent in first- and second-line combina- 
tion studies in these and other common solid 
tumor types. 
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Introduction 


Sunitinib malate (SUTENT®, SU11248, Pfizer Inc.) is 
an oral multitargeted tyrosine kinase inhibitor with 
antiangiogenic and antitumor activity in clinical 
development for a variety of advanced solid malig- 
nancies. It emerged from a drug discovery program 
that sought to identify small molecules with suitable 
pharmacologic properties capable of inhibiting the 
activity of selected receptor tyrosine kinases (RTKs), 
the dysregulated activity of which has been linked to 
various human cancers. 

RTKs are transmembrane proteins containing 
an extracellular ligand-binding domain and an in- 
tracellular catalytic domain. Ligand-bound, or acti- 
vated, RTKs use ATP to catalyze the phosphorylation 
of tyrosine residues located in the intracellular do- 
main of the receptor, setting off a signaling cascade 
within the cell. Many of the processes involved in tu- 
mor growth, progression, and metastasis are medi- 
ated by signaling molecules acting downstream from 
activated RTKs (Hanahan and Weinberg 2000). In 
addition to their direct role in tumor cell growth and 
survival, several RTKs, most notably the vascular 
endothelial cell receptors (VEGFR-1, -2, and -3) and 
platelet-derived growth factor receptors (PDGFR-a, 
-B), are implicated in tumor-dependent angiogenesis 


: (Hicklin and Ellis 2005; Saharinen and Alitalo 2003; 


Yu et al. 2003). These RTKs are expressed not only 
on tumor cells, but also on cells in the tumor stroma 
and supportive environment, including vascular en- 
dothelial cells, pericytes and fibroblasts (Saharinen 
and Alitalo 2003), and tumor development depends 
upon complex interactions between these different 
cell types. 

Therapeutic approaches using RTK inhibition 
have involved strategies to target either a single 
pathway or simultaneous inhibition of multiple 
pathways. The involvement of multiple cellular ab- 
normalities in tumor development suggests that 
a multitargeted approach, including inhibition of 
RTKs (or their associated ligands) on both tumor 
and extratumor cells, may be associated with greater 
clinical benefit than use of agents targeting only a 


single pathway (Hanahan and Weinberg 2000). For 
example, the pivotal study by Yang et al suggests that 
targeting the VEGFR pathway with an anti-VEGF an- 
tibody may be of use in renal cell carcinoma (RCC) 
(Yang et al. 2003). However, the investigators con- 
cluded that, given the modest clinical activity ex- 
hibited by high-dose bevacizumab (10 mg/kg every 
other week) in patients with metastatic RCC and the 
known involvement of other proteins in promoting 
angiogenesis, future treatments should target more 
than VEGF alone. There exists, for instance, strong 
evidence that PDGFRs are critical in recruitment of 
pericytes to nascent vessels during neoangiogenesis, 
resulting in formation of more mature and stable 
tumor vasculature (Pietras et al. 2003; Bergers and 
Song 2005), making it an appropriate additional tar- 
get. In preclinical experiments, dual inhibition of 
VEGER and PDGER has produced greater antitumor 
and antiangiogenic effects than inhibition of either 
receptor type alone (Bergers et al. 2003; Erber et al. 
2004; Potapova et al. 2006). 

Sunitinib is a potent and selective inhibitor of split 
kinase domain RTKs (Fig. 38.1), including VEGFR, 
PDGFR, stem cell factor receptor (KIT), the RTK en- 
coded by the ret proto-oncogene (RET), the receptor 
for M-CSF (CSF-1R), and Fms-like tyrosine kinase- 
3 receptor (FLT3), and has shown potent antitumor 
activity in a range of mouse tumor models (Abrams 
et al. 2003a, 2003b; Mendel et al. 2003; O'Farrell et al. 
2003; Schueneman et al. 2003; Sun et al. 2003). Initial 
characterization of sunitinib in a series of biochemi- 
cal assays demonstrated it to be an ATP-competitive 
inhibitor of the catalytic activity of VEGFR-1, -2, and 
-3 (K,=2, 9, and 17 nM, respectively) and PDGFR-B 
(K,=8 nM). Potent inhibition of target RTK phos- 
phorylation or ligand-stimulated RTK-target-de- 
pendent cell proliferation by sunitinib (and its active 
N-desethyl metabolite, $U12662) in cells was dem- 
onstrated utilizing cell lines that either normally 
express or were engineered to express VEGFR-2, 
PDGFR-B, KIT, FLT3-ITD, or a mutant form of RET 
associated with endocrine tumors (Mendel et al. 2003; 
Pfizer, data on file). Phosphorylation of each of these 
RTKs was inhibited at a comparable potency range 
(0.008-0.05 uM), indicating that pharmacologically 
relevant inhibitory activity against each of these 


Fig. 38.1. Sunitinib exhibits potent 
and selective RTK inhibition (Mendel 
et al. 2003; Pfizer, data on file) 


Class V 


RTKs could be attained at a given dose in vivo (Men- 
del et al. 2003; Pfizer, data on file). 

Based on the favorable preclinical properties of 
sunitinib, clinical studies in healthy volunteers be- 
gan in December 2000 and in cancer patients in April 
2001. Sunitinib is currently being investigated in sev- 
eral cancer indications in phase II and III trials and 
has received multinational approval for the treat- 
ment of advanced RCC and of imatinib-resistant or 
-intolerant gastrointestinal stromal] tumors (GIST). 


Molecular Formula, Structure, and 
Formulation 


Sunitinib is a small molecule with the molecular for- 
mula C,,H,,FN,O,. The free base has a molecular 
weight of 398.48 and the L-malate salt, the form used 
in clinical trials (Fig. 38.2), has a molecular weight of 
332.56. The chemical name of the L-malate salt is (Z)- 
N-[2-(diethylamino)ethyl]-5-((5-fluoro-2-oxo-1,2- 
dihydro-3H-indol-3-ylidene)methyl]-2,4-dimethy]- 
1H-pyrrole-3-carboxamide (S)-2-hydroxysuccinate. 

Sunitinib is an oral drug dispensed as hard gelatin 
capsules containing the free-base equivalent of 12.5, 
25, and 50 mg of sunitinib L-malate. 
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Targeted split kinase domain 
RTKs 
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Clinical Development 


The clinical pharmacokinetics, safety and efficacy 
of sunitinib have been studied in key phase I, II, 
and IH clinical trials, and as of November 2006 
approximately 17,000 patients with advanced ma- 
lignancies, distributed equally across clinical trials 
and marketing experience, had been treated with 
sunitinib, 


38.3.1 
Clinical Pharmacokinetics 


The results of both single-dose and multiple-dose 
studies have demonstrated the favorable pharma- 
cokinetic properties of sunitinib in humans. Phar- 
macokinetic studies show that sunitinib is well 
absorbed and that its bioavailability is unaffected 
by food (Bello et al. 2006a). After absorption, suni- 
tinib is converted to its active N-desethyl metabo- 
lite, $U12662 (Sakamoto 2004; Bello et al. 2006a). 
Because SU12662 has a similar inhibitory profile to 
sunitinib in preclinical assays, the combination of 
sunitinib plus SU12662 represents the total active 
drug in plasma. 

Plasma levels of sunitinib peak between 6h and 
12h after a single oral dose, and pharmacokinet- 
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ics are linear at doses of 50-100 mg/day (Sakamoto 
2004). With repeated daily administration, the 
AUC,.,, for sunitinib increases 3- to 4-fold, while 
the AUC)_,, for SU12662 increases 7- to 10-fold, 
compared to day l; steady-state concentrations are 
typically achieved within 10-14 days. There is no 
additional drug accumulation upon repeated dos- 
ing (Pfizer, data on file). No significant differences 
in pharmacokinetics are observed comparing ei- 
ther repeated dosing with single dosing, or healthy 
volunteers with cancer patients. In addition, the 
pharmacokinetic profile of sunitinib and $U12662 
was not shown to be altered in subjects with mild or 
moderate hepatic impairment as compared to sub- 
jects with normal liver function (Bello et al. 2006b). 
A similar starting dose of sunitinib is therefore rec- 
ommended in patients with mild or moderate he- 
patic impairment. Sunitinib and $U12662 have pro- 
longed terminal half-lives of approximately 40-60 h 
and 80-110 h, respectively (Pfizer, data on file). 

Both sunitinib and SU12662 are metabolized 
predominantly by cytochrome P450 3A4 (CYP3A4) 
enzyme and elimination is primarily via the feces 
(61% of administered dose) and secondarily in urine 
(16%) (Pfizer, data on file). SU12662 comprises 23- 
37% of the total exposure. 

Concurrent administration of sunitinib with 
the potent CYP3A4 inhibitor ketoconazole re- 


Fig. 38.2. The structural formula of 
sunitinib L-malate salt 


sulted in 49% and 51% increases in the combined 
(sunitinib+SU12662) C,,,, and AUC,.,, values, re- 
spectively, compared with sunitinib alone (Wash- 
ington et al. 2003). Results from a study of sunitinib 
administered with the potent CYP3A4 inducer ri- 
fampin showed reductions of 23% and 46% in the 
combined Cmax and AUC, respectively, compared 
with sunitinib alone (Bello et al. 2005). These data 
indicate that dose adjustments for sunitinib should 
be considered when co-administered with CYP3A4 
inhibitors and inducers. Sunitinib and its metabo- 
lite appear to have minimal potential to inhibit or 
induce CYP3A4-mediated metabolism. 


38.3.2 
Phase I Dose-finding Studies 


Phase I dose-escalation studies of patients with solid 
tumors were designed to determine the primary 
dose-limiting toxicity (DLT) and maximum toler- 
ated dose (MTD) for sunitinib (Rosen et al. 2003; 
Faivre et al. 2006; Demetri et al. 2003). Studies were 
also designed to determine a safe and effective treat- 
ment schedule for repeated dosing. Patients in the 
multiple-dose studies received daily oral doses of 
25-150 mg, according to one of three dosing sched- 
ules: the 4/2 schedule, consisting of 4 weeks on treat- 


ment followed by 2 weeks off; the 2/2 schedule, con- 
sisting of 2 weeks on treatment followed by 2 weeks 
off; and the 2/1 schedule, with 2 weeks on treatment 
followed by 1 week off. 

The primary DLT in the phase I studies was fa- 
tigue/asthenia, which generally occurred 1-2 weeks 
after the start of therapy and was readily reversible 
during the portion of the cycle when sunitinib was 
not administered (Rosen et al. 2003; Faivre et al. 
2006; Demetri et al. 2003). Additional adverse events 
in phase] trials included nausea, vomiting, diarrhea, 
neutropenia, thrombocytopenia, and skin/hair dis- 
coloration. The frequency and severity of adverse 
events were generally correlated with doses higher 
than 50 mg/day and were generally manageable and 
reversible. 

Consequently, the MTD of sunitinib was defined 
as 50 mg daily in phase] clinical studies in patients 
with advanced solid tumors (Rosen et al. 2003; 
Faivre et al. 2006; Demetri et al. 2003). Patients 
receiving this dose achieved combined trough 
plasma concentrations of sunitinib plus $SU12662 
of >50 ng/ml. Since sunitinib and SU12662 are 
95% and 90% plasma protein bound, respectively, 
>50 ng/ml, in humans, is the concentration pre- 
dicted from preclinical data to inhibit receptor 
phosphorylation and result in tumor regression. 
As the 4/2 schedule provided the longest drug ex- 
posure, compared to the 2/2 and 2/1 schedules, it 
was selected for phase IT and III studies. A continu- 
ous dosing schedule of sunitinib at 37.5 mg/day is 
being investigated. 

Clinically relevant antitumor activity was dem- 
onstrated in patients with solid tumors in phase I 
studies (Raymond et al. 2003; Rosen et al. 2003; 
Pfizer, data on file). Confirmed partial responses 
were achieved by 19 patients treated at the 50 mg or 
75 mg dose level with either the 4/2 schedule or the 
2/2 schedule in phase I studies, which included pa- 
tients with the following tumor types: GIST, RCC, 
neuroendocrine tumor (NET), sarcoma, thyroid car- 
cinoma, non-small-cell lung carcinoma (NSCLC), 
and malignant melanoma. These early findings sug- 
gested that sunitinib has applicability to a broad 
range of human malignancies, as expected from its 
mechanism of action. 
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38.3.3 
Rationale to Target GIST and RCC 


Sunitinib showed efficacy in all the diverse, preclini- 
cal models in which it was evaluated as a single agent 
or in combination, and regression occurred in mul- 
tiple tumor types. As discussed above, phase I stud- 
ies in cancer patients were likewise encouraging, 
with clinical responses demonstrated in advanced 
stages of several different tumor types. 

Malignant GIST is a sarcoma comprised of tu- 
mors of mesenchymal origin that occur primar- 
ily in the gastrointestinal (GI) tract and abdomen. 
While GIST is a rare neoplasm, estimated to repre- 
sent <1% of all GI tumors, it is the most common 
mesenchymal malignancy of the GI tract. Before the 
advent of molecularly targeted therapies, nearly half 
of GIST patients presented with metastatic disease, 
with a median survival of 19 months (DeMatteo 
et al. 2000). 

The vast majority (>95%) of malignant GISTs ex- 
press the CD117 (KIT) tyrosine kinase receptor, with 
activating KIT gene mutations present in approxi- 
mately 85% of GIST patients (Corless et al. 2004; 
Hirota et al. 1998), resulting in constitutive activa- 
tion of the KIT protein, proliferation of GIST cells, 
and inhibition of apoptosis. Approximately 35% of 
GISTs lacking detectable KIT mutations harbor an 
alternative oncogenic signal consisting of intragenic 
activating PDGFRA mutations (Heinrich et al. 2003a, 
2003b; Hirota et al. 1998). 

Before tyrosine kinase inhibitors became avail- 
able, there were no effective systemic therapies 
for advanced GIST. However, trials with the selec- 
tive KIT tyrosine kinase inhibitor imatinib mesyl- 
ate have shown that inhibition of the uncontrolled 
kinase function of KIT is an effective anticancer 
therapy for the majority of patients with malignant 
GIST (Benjamin et al. 2003; Verweij et al. 2004). 
In spite of these results, approximately 12-14% of GIST 
patients have primary resistance to imatinib (Demetri 
et al. 2002; van Glabbeke et al. 2005), another 8% dis- 
continue imatinib therapy due to intolerance (Gleevec 
(imatinib mesylate) prescribing information 2005), 
and >40% of initially responsive GIST patients develop 
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secondary imatinib resistance after a median of 25 
months of treatment (van Glabbeke et al. 2005). There- 
fore, GIST patients intolerant or resistant to imatinib 
represent an unmet medica] need. Because KIT is one 
of the primary targets of sunitinib and early evidence 
of efficacy was observed in GIST patients in phase I 
trials, imatinib-resistant GIST was an indication pur- 
sued for further clinical development of sunitinib. 

RTK activity appears to play a prominent role in 
the malignant transformation, growth (L11), and 
metastasis of RCC, often through the involvement 
of the von Hippel-Lindau gene (VHL), which is be- 
lieved to be inactivated in as many as 80% of spo- 
radic clear-cell RCCs by deletion, mutation (L15), 
or methylation (Gnarra et al. 1994; Herman et al. 
1994). This tumor suppressor gene encodes a pro- 
tein that is involved in regulating the transcription 
of VEGF, PDGF- (L18), and a number of other hy- 
poxia-inducible proteins. VHL inactivation leads 
to overexpression of these agonists of VEGFR and 
PDGFR, amongst others, which may promote tumor 
angiogenesis, tumor growth (L22), and metastasis. 
VEGFR and PDGFR are primary targets of sunitinib, 
and early evidence of activity in RCC patients was 
observed in phase I studies of sunitinib, encourag- 
ing further investigation of this agent in RCC. 

In conclusion, the rationale for pursuing further 
studies in GIST and RCC with sunitinib was based 
on its mechanism of action, the role of RTKs targeted 
by sunitinib in GIST and RCC, and on the objective 
tumor responses seen in GIST and RCC patients in 
early phase I studies with sunitinib. 


38.3.4 
Phase I/II Study of Patients with 
Imatinib-resistant GIST 


An open-label, non-randomized, dose-escalating 
phase I/II study of sunitinib in patients with meta- 
static or unresectable GIST was designed to estab- 
lish one or more recommended dosing schedules for 
phase II development (Maki et al. 2005; Morgan et al. 
2005). All patients enrolled in this study had failed 
treatment with imatinib mesylate therapy because of 
either resistance (primary resistance, or progression 


after initial response; 96% of patients) or intoler- 
ance (4% of patients); 66% were male and 94% had 
an Eastern Cooperative Group (ECOG) performance 
status of 0 or 1. Of the 97 patients enrolled (phase I 
and II), 55 were treated on a 4/2 schedule and 42 on 
either a 2/2 schedule or a 2/1 schedule, at daily doses 
ranging from 25 mg to 75 mg. As discussed above 
in Sect. 38.3.2, the recommended sunitinib dose for 
phase II studies was identified as 50 mg once daily, 
administered using the 4/2 schedule. 

Eight patients (8%) experienced a partial response, 
36 patients (37%) stable disease for at least 6 months, 
and 32 patients (33%) stable disease for 6 weeks to 6 
months; the remaining 21 patients (22%) experienced 
disease progression or stable disease for less than 6 
weeks (Maki et al. 2005). Median time to tumor pro- 
gression was 7.8 months (95% C15.1-10.6), and median 
overall survival was 19.8 months (95% CI 13.6-25.8) 
(Maki et al. 2005). Thirty-two patients with a partial 
response or stable disease for more than 6 months en- 
tered a continuation study, of whom 15 remained on 
study without progressive disease after a median fol- 
low-up of more than 1.5 years (Maki et al. 2005). 


mee 

38.3.5 

Phase IlI Study of Patients with 
Imatinib-resistant or -intolerant GIST 


The encouraging phase I/II GIST study results were 
subsequently confirmed in a double-blind, placebo- 
controlled, multicenter phase III trial (Demetri et al. 
2006). A total of 312 GIST patients with documented 
imatinib resistance or intolerance were randomized 
2:1 to receive sunitinib 50 mg daily (n=207) or pla- 
cebo (n=105), administered using the 4/2 schedule. 

The trial was unblinded early when the planned 
interim analysis, conducted after the first 149 cases 
of RECIST-defined disease progression or death, 


` revealed a significantly longer time to tumor pro- 


gression in the sunitinib group than in the placebo 
group. Median time to tumor progression was more 
than four times as long with sunitinib as with pla- 
cebo treatment (27.3 weeks vs 6.4 weeks; hazard ra- 
tio 0.33; P<0.0001) (Fig. 38.3). Sunitinib treatment 
also significantly improved overall survival (hazard 


ratio 0.49; P=0.007), although median overall sur- 
vival had not been reached in either group at the time 
of the interim analysis (Fig. 38.4). The survival benefit 
of sunitinib treatment may be underestimated in a fu- 
ture analysis due to the early unblinding and crossing 
over of the placebo patients to active treatment. 

At the time of the interim analysis, 7% of patients 
had achieved a partial response, 58% exhibited 
stable disease, and 19% progressive disease in the 
sunitinib group, compared with rates of 0%, 48%, 
and 37%, respectively, in the placebo group. The 
confirmed objective response rate was significantly 
higher in the sunitinib group than in the placebo 
group (7% vs 0%; P=0.006). Of the 59 patients in the 
placebo group who crossed over to sunitinib after 
disease progression, 6 patients (10%) subsequently 
achieved a partial response. 

This is the first phase III trial to demonstrate effi- 
cacy of a tyrosine kinase inhibitor in cancer patients 
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refractory to or intolerant of another targeted agent. 
Sunitinib significantly improved time to progres- 
sion and overall survival, as well as other measures 
of tumor response, in patients with imatinib-resis- 
tant or imatinib-intolerant GIST. In addition, suni- 
tinib was reasonably well tolerated compared with 
placebo (Table 38.1). 

In addition to the phase I-III trials described 
above, sunitinib has also been studied in a ‘treat- 
ment-use’ trial, in which the drug was made avail- 
able to GIST patients ineligible for sunitinib clini- 
cal trials because of pre-specified entry criteria, or 
because there were no available GIST trials prior to 
regulatory approval in a particular country (Dileo 
et al. 2006). Consistent with phase I-III data, pre- 
liminary results from this treatment-use study in- 
dicate that sunitinib is associated with acceptable 
tolerability and significant efficacy in patients with 
imatinib-resistant or -intolerant GIST. 


Sunitinib 207° 


Hazard ratio = 0,34 
P<0.00001 


Median (95% Cl) 
6.3 (3.7, 7.6) 
1.5 (1.0, 2.3) 


6 9 12 
Time (month) 


Fig. 38.3. Kaplan-Meier estimates for time to tumor progression in patients with malignant GIST 
treated with sunitinib or placebo (reproduced with permission from Demetri et al. 2006) 
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Fig. 38.4. Kaplan-Meier estimates for overall survival of patients with malignant GIST treated 
with sunitinib or placebo (reproduced with permission from Demetri et al. 2006) 


38.3.6 
Sunitinib GIST Antitumor Activity and 
Kinase Mutation Status 


As discussed above, most malignant GISTs have ac- 
tivating mutations in the KIT RTK, while among 
those lacking detectable KIT mutations, approxi- 
mately 35% (or about 5% of all malignant GISTs) 
are associated with mutations in PDGFRA, the gene 
encoding PDGFR-o (Heinrich et al. 2003a, 2003b; 
Hirota et al. 1998). Previous studies have shown that 
the presence and type of primary KIT or PDGFRA 
mutation influences the clinical activity of imatinib 
in GIST (Debiec-Rychter et al. 2004; Heinrich et al. 
2003a), while secondary KIT point mutations are 
commonly associated with acquired imatinib resis- 
tance (Antonescu et al. 2005; Debiec-Rychter et al. 
2005). 

The relationship between tumor kinase geno- 
type and sunitinib activity was examined in pa- 
tients with metastatic GIST entered in the phase 
I/II study described above via analysis of tumor 


specimens for primary and secondary mutations of 
KIT and PDGFRA (Maki et al. 2005). Median time 
to tumor progression was significantly longer in pa- 
tients with primary KIT exon 9 mutations or wild- 
type status versus primary KIT exon 11 mutations 
(14.3, 13.8, and 5.1 months, respectively; P<0.01). 
Median overall survival was also significantly lon- 
ger with primary KIT exon 9 mutation or wild-type 
versus primary KIT exon 11 mutation (P<0.01). Of 
note, these are results from imatinib-resistant or 
-intolerant GIST patients participating in this study 
and cannot yet be extrapolated to treatment-naive 
patients. 

For the enrolled population in the studies de- 
scribed above, sunitinib appeared to be more ac- 
tive against GISTs harboring KIT exon-9 than KIT 
exon-11 mutations, while in the treatment-naive 
GIST patients, imatinib seems to exhibit greater 
activity in GIST associated with primary KIT exon- 
11 mutations (Debiec-Rychter et al. 2004; Heinrich 
et al. 2003a). However, because more than half of 
the patients in the sunitinib mutational analysis 
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Table 38.1. Treatment-related adverse events and laboratory abnormalities that occurred with at least a 5% greater 
requency with sunitinib than with placebo in the per-protocol population of a phase III GIST trial (adapted with permission 
zom Demetri et al., 2006) 


Sunitinib (n=202) Placebo (1=102) 


Grade 1/2 Grade 3 Grade 4 Grade 1/2 Grade 3 Grade 4 


Treatment-related adverse events, no. (%) 


Fatigue 58 (29) 10 (5) 0 20 (20) 2 (2) 0 
Diarrhea 52 (26) 7 (3) 0 8 (8) 0 0 
Skin discoloration 50 (25) 0 0 6 (6) 0 0 
Nausea 47 (23) 1(1) 0 10 (10) 1(1) 0 
Anorexia 38 (19) 0 0 5 (5) 1Q) 0 
Dysgeusia 36 (18) 0 0 2 (2) 0 0 
Stomatitis 30 (15) 1(1) 0 2 (2) 0 0 
Vomiting 30 (15) 1(1) 0 5 (5) 1 (1) 0 
Hand-foot syndrome 19 (9) 9 (4) 0 2 (2) 0 0 
Rash 24 (12) 2 (1) 0 5 (5) 0 0 
Asthenia 18 (9) 6 (3) 0 2 (2) 2 (2) 0 
Mucosal inflammation 24 (12) 0 0 0 0 0 
Dyspepsia 22 (11) 1(1) 0 1 (1) 0 0 
Hypertension 15 (8) 6 (3) 0 4 (4) 0 0 
Epistaxis 14 (7) 0 0 0 0 0 
Hair-color changes 14 (7) 0 0 2 (2) 0 0 
Dry mouth 13 (6) 0 0 1(1) 0 0 
Glossodynia 11 (6) 0 0 0 0 0 
Laboratory abnormalities, no. (%) 
Anemia’ 117 (58) 7 (4) 0 59 (58) 2 (2) 0 
Leukopenia 104 (52) 7 (4) 0 5 (5) 0 0 
Neutropenia 86 (43) 17 (8) 3 (2) 4 (4) 0 0 
Lymphopenia 80 (40) 18 (9) 1(1) 31 (30) 2 (2) 1(1) 
Thrombocytopenia 72 (36) 8 (4) 1 (1) 4 (4) 0 0 


Severity of adverse events was rated by investigators using the National Cancer Institute Common Terminology Criteria for 
Adverse Events version 3.0. “Anemia was included because of its frequency and clinical relevance in GIST although the differ- 
ence between treatment groups was less than 5%, 
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with primary KIT exon-11 mutations developed sec- 
ondary KIT mutations during prior treatment with 
imatinib, the true effect of primary KIT genotype on 
sunitinib activity can only be assessed in a study of 
sunitinib as first-line treatment in imatinib-naive 
GIST patients. Future sunitinib studies are planned 
to answer these questions. 


38.3.7 
Phase II Studies of Patients with Metastatic RCC 


Two independent, open-label, consecutive phase II 
studies have investigated the efficacy and safety of 
sunitinib as second-line treatment in patients with 
metastatic RCC (Motzer et al. 2006a, 2006b). In both 
studies, patients received repeated 6-week cycles of 
treatment, each comprising sunitinib 50 mg/day 
administered using the 4/2 schedule. All patients 
had failed one prior cytokine-based therapy. The 
primary endpoint for each study was objective re- 
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sponse rate; secondary endpoints included time to 
progression in the first study, and progression-free 
survival in the second study. 

Results from the first phase II study show that the 
majority of patients had a reduction in measurable 
disease (Fig. 38.5) (Motzer et al. 2006a). Of the 63 
patients treated with sunitinib, 25 (40%) achieved a 
partial response, while a further 17 patients (27%) 
had stable disease lasting 3 months. [By comparison, 
only 4 (6%) of the 63 patients entered in this study 
had achieved a complete or partial response to prior 
cytokine therapy.] Twenty-four of the patients with 
a partial response had clear-cell histology, and one 
had a papillary-cell type; in the study population 
overall, 55 patients (87%) had clear-cell histology. 
At the time of analysis, several of the 8 responding 
patients who remained on sunitinib treatment were 
progression-free for over 24 months from the start of 
treatment. Median time to tumor progression for all 
patients was 8.7 months and median time to overall 
survival was 16.4 months. 


Fig. 38.5. Maximal percentage of tumor reduction for target lesions in each patient with meta- 
static RCC treated with sunitinib (reproduced with permission from Motzer et al. 2006a) 


A second, larger phase II trial of 106 patients was 
designed to confirm these initial results (Motzer et 
al. 2006b). All patients entered in this study were 
required to have had prior nephrectomy, a com- 
ponent of clear-cell histology and documented 
evidence of disease progression following prior 
cytokine therapy. According to the investigator 
assessment, the overall objective response rate to 
sunitinib in this study was 44%: one patient (1%) 
achieved a complete response and 45 patients (43%) 
a partial response. An additional 23 patients (22%) 
had stable disease of at least 3 months duration. As 
in the first trial, most patients with stable disease 
had some decrease in tumor size, albeit insufficient 
to be categorized as a partial response by the RE- 
CIST criteria. At the time of analysis, 34 of the 46 
responding patients remained progression-free, 
including one patient with a complete response for 
over 10 months. Median progression-free survival 
was 8,1 months. At the time of analysis, the median 
overall survival had not been reached and the 6- 
month survival rate was 79%. In a pooled analysis 
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of the phase II studies in which demographics and 
efficacy data were combined, an objective response 
rate of 42% was reported and associated with a 
median progression-free survival of 8.2 months 
(Motzer et al. 2006b). 

Patients with progressive metastatic RCC after cy- 
tokine therapy are generally managed by supportive 
care. In clinical trials of other agents targeting the 
VEGFR pathway, the median time to progression for 
such patients is approximately 2-5 months (Escud- 
ier et al. 2005; Yang et al. 2003). The efficacy dem- 
onstrated by sunitinib in these two phase II studies 
compares very favorably with that of other agents 
used for the treatment of RCC. The cytokines inter- 
feron-& (IFN-a) and interleukin-2 (IL-2) produce 
responses in approximately 5-20% of patients, with 
a median survival of approximately 13-15 months 
when used in first-line settings (Law et al. 1995; 
Motzer et al. 2004; Rohrmann et al. 2005; Vogelzang 
et al. 1993). Figure 38.6 shows an example of tumor 
response achievable with sunitinib in a patient with 
local recurrence of RCC. 


Fig. 38.6. CT scans 
showing tumor response 
to sunitinib treatment 

in a patient with local 
recurrence of RCC (scans 
courtesy of M. Dror 
Michaelson, MD, PhD, 
Massachusetts General 
Hospital Cancer Center, 
Boston, MA) 
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38.3.8 
Phase III Study of Patients with Metastatic RCC 


The high objective response rate of sunitinib as 
second-line therapy for metastatic RCC is more 
than double that reported with cytokines as first- 
line treatment (Rohrmann et al. 2005). The efficacy 
results of these two phase II studies in cytokine- 
failure patients provided the clinical rationale to 
assess the role of sunitinib as first-line treatment in 
metastatic RCC patients. Data from a prospectively 
planned interim analysis of an international, mul- 
ticenter, randomized phase III trial in which suni- 
tinib was compared with IFN-o as first-line therapy 
for metastatic RCC were reported by Motzer et al 
(2007). Treatment with sunitinib was found to be 
well tolerated and resulted in significantly longer 
progression-free survival (Fig. 38.7) and a higher 
objective response rate than IFN-a as assessed by 
blinded central review (11 vs 5 months and 31% vs 
6%, respectively; P<0.001). 

Most general adverse events of all grades oc- 
curred more frequently in the sunitinib group than 


100 


Sunitinib (n=375) 


= IFN-o (n=375) 


Progression-free survival probability (%) 
| 


0 2 4 6 8 
Time (month) 


in the IFN-a group (Table 38.2). However, the 
proportion of patients with grade 3 or 4 adverse 
events was relatively low in both groups and, of 
the two most common treatment-related adverse 
events, the proportion with grade 3 or 4 fatigue 
was significantly higher in the IFN-a group 
(P<0.05), whereas grade 3 or 4 diarrhea was sig- 
nificantly more frequent in the sunitinib group 
(P<0.05). In addition, fewer patients on sunitinib 
than on IFN-a discontinued treatment because 
of adverse events (8% vs 13%; P=0.05). Patients 
receiving sunitinib also reported a significantly 
better quality of life than patients receiving IFN- 
œ (P<0.001). 

In addition to the phase I-III trials described 
above, sunitinib has also been studied in a treat- 
ment-use trial, in which the drug was made available 
to metastatic RCC patients ineligible for sunitinib 
clinical trials, as described above for GIST patients 
(Bukowski et al. 2006). In line with phase I-III re- 
sults, preliminary data from this study suggest that 
sunitinib has acceptable tolerability in this patient 
population. 


Hazard ratio = 0.42; 95% Cl = 0.32-0.54; P<0.001 


Fig. 38.7. Kaplan-Meier 
estimates of progression- 
free survival (as assessed 
by blinded central re- 
view) for patients with 
metastatic RCC treated 
with sunitinib or IFN-a 
(reproduced with permis- 
sion from Motzer et al. 
2007) 


10 12 14 


Clinical Development of Sunitinib Malate 701 


Table 38.2. Treatment-related adverse events and selected laboratory abnormalities with sunitinib versus IFN-a in a phase 
IH metastatic RCC trial (adapted with permission from Motzer et al. 2007) 


Sunitinib (n=375) IFN-o (7=360) 


All grades (%) Grade 3/4 (%) All grades (%) Grade 3/4 (%) 


Adverse event 


Diarrhea? 53 5/0 12 0/0 
Fatigue’ 51 7/0 51 l/l 
Nause* 44 3/0 33 1/0 
Stomatitis 25 1/0 2 1/0 
Vomiting? 24 4/0 10 1/0 
Hypertension? 24 8/0 1 1/0 
Hand-foot syndrome? 20 5/0 1 0/0 
Mucosal inflammation 20 2/0 1 1/0 
Rash 19 1/1 6 1/0 
Asthenia 17 4/0 20 4/0 
Dry skin 16 1/0 5 0/0 
Skin discoloration 16 0/0 0 0/0 
Changes in hair color 14 0/0 l 0/0 
Epistaxis 12 1/0 i 0/0 
Pain in limb 11 1/0 3 0/0 
Headache 11 1/0 14 0/0 
Dry mouth ll 0/0 6 1/0 
Decline in ejection fraction 10 2/0 3 1/0 
Pyrexia 7 1/0 34 0/0 
Chills 6 1/0 29 0/0 
Myalgia 5 1/0 16 1/0 
Influenza-like illness 1 0/0 7 1/0 


Laboratory abnormality 


Leukopenia* 78 5/0 56 2/0 
Neutropenia? 72 11/1 46 71/0 
Anemia 71 3/1 64 4/1 
Increased creatinine 66 1/0 49 1/0 
Thrombocytopenia? 65 8/0 21 0/0 
Lymphopenia? 60 12/0 63 22/0 


Increased lipase? 52 13/3 42 5/1 
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Sunitinib (1=375) 


All grades (%) 


Increased aspartate aminotrans- 52 
ferase 
Increased alanine aminotrans- 46 
ferase 


Increased alkaline phosphatase 42 


Increased uric acid 41 
Hypophosphatemia 36 
Increased amylase? 32 
Increased total bilirubin 19 


IFN-& (n=360) 


Grade 3/4 (%) Grade 3/4 (%) 


All grades (%) 


2/0 34 2/0 
2/1 39 2/0 
2/0 35 2/0 
0/12 31 0/8 
4/1 32 6/0 
4/1 28 2/1 
1/0 2 0/0 


Listed are treatment-related adverse events of interest and those occurring in at least 10% of patients in the sunitinib group. All severity 
was graded according to the National Cancer Institute Common Terminology Criteria for Adverse Events, version 3.0. *The difference 
between the sunitinib group and the IFN-c group was significant (P<0.05) with the use of Fisher’s exact test applied to the sum of grade 
3 and 4 adverse events. The significance of the difference between treatment groups for “all grades” of adverse events is not shown. 


38.3.9 
Phase II Study of Patients with 
Metastatic Breast Cancer 


The rationale for investigating sunitinib in breast 
cancer is supported by data implicating the VEGFR 
signaling pathway in breast cancer angiogenesis 
(Price et al. 2001) and by the association between 
overexpression of PDGFR-« and breast cancer pro- 
gression (Carvalho et al. 2005). Consequently, an 
open-label, multicenter phase II study was con- 
ducted to investigate the efficacy of sunitinib in 
breast cancer (Miller et al. 2005). The study pop- 
ulation comprised patients with metastatic breast 
cancer (mBC) who had been previously treated with 
anthracyclines and taxanes and who were resistant 
to at least one of these therapies. No more than two 
prior regimens for mBC were allowed. All patients 
received sunitinib 50 mg daily on the 4/2 schedule. 

In this study, 7 of the 64 refractory mBC patients 
(11%) enrolled achieved a partial response, and a fur- 
ther 3 patients exhibited stable disease for 6 months, 
resulting in an overall clinical benefit rate of 16%. Re- 
sponses were observed in patients with visceral as well 
as with superficial tumor involvement at the time of 
enrolment. Median time to progression was 10 weeks. 


38.3.10 
Phase II Study of Patients with 
Previously Treated Advanced NSCLC 


In NSCLC, elevated expression of VEGF is a strong 
prognostic indicator, predicting increased tumor an- 
giogenesis, early postoperative relapse and decreased 
survival (Yuan et al. 2001). Increased expression of 
PDGF has also been associated with poor prognosis 
in NSCLC (Koukourakis et al. 1997). A phase II trial 
evaluated the single-agent activity of sunitinib (50 
mg/day on the 4/2 schedule) (Socinski et al. 2006). At 
the time of analysis, six confirmed partial responses 
were reported among 63 treated patients (9.5%; 95% CI 
3.6-19.6). Stable disease was observed in an additional 
12 patients (19.0%). The study was extended to explore 
a continuous dosing schedule of 37.5 mg/day. 


38.3.11 
Phase II Study of Patients with 
Unresectable NET 


Neuroendocrine tumors are highly vascular, and el- 
evated levels of VEGF and VEGFR have been found 
in both carcinoid and pancreatic endocrine tumors 


(Christofori et al. 1995; Terris et al. 1998). NET is 
also known to express other growth factors and their 
receptors, including PDGFR-a and -B, which, like 
VEGFR, are targeted by sunitinib (Chaudhry et al. 
1993). In phase I studies, patients with NET achieved 
a partial response to sunitinib (Faivre et al. 2006). 

The efficacy of sunitinib in the treatment of pa- 
tients with NET was investigated in a multicenter, 
phase II study (Kulke et al. 2005). A total of 109 
patients with advanced, unresectable NET were 
recruited; 102 patients were evaluable, comprising 
41 with carcinoid and 61 with pancreatic islet cell 
tumors. Patients received 50 mg sunitinib daily on 
the 4/2 schedule. Eight patients (13%) with pancre- 
atic islet cell tumors achieved a partial response to 
sunitinib, compared with only one patient (2%) with 
carcinoid. Notably, the majority of patients experi- 
enced stable disease, including 38 patients (93%) 
with carcinoid and 46 patients (75%) with pancreatic 
islet cell tumor. Median time to tumor progression 
was 42 weeks and 33 weeks in the carcinoid and pan- 
creatic islet tumor groups, respectively. Sunitinib is 
the first RTK inhibitor to show clinical activity in 
patients with NET. 


Summary of Clinical Safety 


The safety profile of sunitinib was broadly consis- 
tent across all patients with solid malignant tu- 
mors treated in all clinical studies as of July 2005 
(450 patients). The most commonly reported treat- 
ment-related adverse events were fatigue (60.0%), 
diarrhea (50%), nausea (44%), vomiting (33%), and 
anorexia (31%) (Pfizer, data on file). Although fa- 
tigue was the most common DLT reported in early 
clinical pharmacology studies, it was not com- 
monly associated with treatment discontinuation 
in phase II and III studies. Gastrointestinal toxici- 
ties were generally manageable with interventions 
such as dose reduction, temporary dosing delay, or 
symptomatic therapy. Occasional decreases in left 
ventricular ejection fraction (LVEF) were observed 


Clinical Development of Sunitinib Malate 


after systematic evaluation, but in only one patient 
was it associated with clinical signs or symptoms of 
congestive heart failure. Less than 10% of patients 
discontinued sunitinib treatment due to adverse 
events. Adverse events were generally mild to mod- 
erate in intensity. 

There were a total of four deaths in the phase III 
study of GIST and one in the larger, pivotal phase 
II study of RCC. Of the four deaths in the phase 
III GIST study, two occurred in patients random- 
ized to sunitinib and two in patients randomized 
to placebo. 

The most commonly reported treatment-related 
events were hypertension (17%) and hemorrhagic 
events (including tumor bleeding; 14%). No patient 
experienced grade 4 or 5 hypertension or discon- 
tinued treatment for reasons related to this event. 
Epistaxis was the most frequently reported treat- 
ment-related hemorrhagic event, but the events 
rarely were considered serious. Two patients 
stopped treatment with sunitinib following hem- 
orrhage and epistaxis. 

Although transient increases in lipase levels 
have been observed in patients treated with suni- 
tinib, these do not appear to correlate with clinical 
signs or symptoms of pancreatitis over the course 
of prolonged treatment. Pancreatitis was reported 
in less than 1% of patients. Grade 3 and 4 neutrope- 
nia were experienced by 13.1% and 0.9% of patients, 
respectively; grade 3 and 4 lymphopenia by 14.9% 
and 2.1% of patients; grade 3 and 4 thrombocyto- 
penia by 4% and 0.5% of patients; and grade 3 and 
4 anemia by 6.3% and 0.7% of patients. One patient 
developed febrile neutropenia; none developed 
neutropenic sepsis. 

Overall, sunitinib has a favorable safety profile, 
with manageable toxicities that rarely result in dis- 
continuation of patients from treatment. The safety 
profile of sunitinib should facilitate its combina- 
tion with other agents, and trials testing the safety 
of sunitinib combined with a range of chemothera- 
peutic and biological agents are ongoing. 
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Future Plans 


As outlined above, sunitinib has shown significant 
efficacy with acceptable tolerability across several 
studies, including two phase III studies of GIST 
and RCC, respectively, and phase II studies of mBC, 
NSCLC and NET. Several trials are either under way 
or will soon begin recruitment to further investigate 
its effectiveness in these cancers and others, such as 
colorectal cancer, pediatric cancers, prostate cancer, 
gastric cancer, and other solid tumors. In addition, 
these studies will explore alternative treatment regi- 
mens, including continuous dosing of sunitinib and 
combinations with commonly used chemotherapeu- 
tic regimens. The multitargeted mechanism of ac- 
tion of sunitinib, its favorable safety profile, and its 
broad clinical activity warrant further investigation 
of this agent in first-line, adjuvant and neoadjuvant 
settings. 
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Abstract 


In tumor biology both the EGF(R) and the 
VEGF(R) pathway are constitutively activated 
due to genetic abnormalities and ongoing tu- 
mor-associated hypoxia. In addition, both 
pathways can be activated by anticancer ther- 
apies such as chemotherapy and radiotherapy, 
which contributes to the resistance to these 


CONTENTS 
39.1 Introduction 707 
39.2 The Activity of EGF(R) and 
VEGF(R) in Cancer Biology 708 
39.3 EGF(R) Signaling and Angiogenesis: 
Direct Effects on Endothelial Cells 708 
39.4 EGF(R) Signaling and Angiogenesis: 
Indirect Effects on Endothelial Cells 709 
39.5 EGFR Signaling and Angiogenesis: 
In Vivo Studies 710 
39.6 Resistance to Anti-EGFR and 
Anti-VEGFR Therapy 710 
39.7 Combined Targeting of EGFR and VEGF(R) 
in Preclinical and Clinical Studies 71! 
39.8 Conclusion 712 


References 713 


treatments. Moreover, VEGF modulates EGFR 
signaling and EGF induces VEGF activity. 
Therefore, both pathways are logical targets 
for therapy, and because of their parallel and 
reciprocal activation, dual inhibition of the 
EGF(R) and VEGF(R) signaling makes sense. 
In this chapter we discuss the possibilities for 
integrated anti-angiogenesis therapy directed 
at these two biological systems. 


Introduction 


Tumor progression depends on tumor-specific ge- 
netic abnormalities and neoangiogenesis. A multi- 
tude of inhibitors and stimulators are involved in 
tumor-induced angiogenesis. The key initiator of 
angiogenesis is vascular endothelial growth factor 
(VEGF), which induces proliferation, migration of 
endothelial cells, and permeability and vasorelax- 
ation in intact vessel walls (Carmeliet 2005; Fer- 
rara 2005). Furthermore, VEGF is a survival factor 
for endothelial cells. Four subtypes of VEGF have 
been described (VEGF-A, -B, -C and -D), and several 
isoforms are known for VEGF-A, with different 
solubility and activity, either in the direct vicinity 
of the tumor or at a distance via the circulation. 
Four VEGF receptors (R) have been identified that 
bind these ligands. Interaction between VEGF-A 
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and VEGFR-2 greatly dominates the tumor-associ- 
ated neovascularization, while interaction between 
VEGF-C/-D and VEGFR-3 preferentially stimulates 
lymphangiogenesis. The presence of VEGF and 
VEGFRs in tumor tissues has a prognostic impact on 
survival of cancer patients (Ferrara 2005). So far, the 
VEGF(R) pathway has been the most frequent and 
successful target for anti-angiogenesis therapy. 

There is growing evidence that modulation of the 
epidermal growth factor receptor (EGFR) pathway 
also significantly affects tumor-induced angiogen- 
esis (van Cruijsen et al. 2005). EGFR, a tyrosine ki- 
nase receptor of the ErbB family, is highly expressed 
in most human solid tumors and high expression 
has been associated with poor prognosis. Tumoral 
activation of EGFR signaling includes production 
of EGFR ligands by tumor cells or environmental 
stromal cells, high expression of EGFR associated 
with an enhanced sensitivity to EGF-like ligands, 
and constitutively active EGF-receptor mutations. 
EGF-EGFR signaling in endothelial cells appears 
to occur directly, through EGF receptors on tumor 
endothelial cells, and indirectly, via an effect on the 
production of angiogenesis stimulators by tumor 
cells. This makes both pathways potential targets 
for a combined therapy with anti-EGFR and anti- 
VEGF(R) drugs. 


The Activity of EGF(R) and VEGF(R) in 
Cancer Biology 


The EGF(R) and VEGF(R) pathways are often active 
in tumor biology (Ciardiello and de Vita 2005; Car- 
meliet 2005). This may be a result of direct genetic 
alterations of the targets (e.g. EGFR gene mutations 
or amplification) or an indirect effect of mutations 
in certain oncogenes or suppressor genes (Rak 
et al. 2000). Furthermore, both pathways can be 
activated by stress factors. Hypoxia, a well-known 
stress inducer, is induced by the enhanced tumor 
cell proliferation that precedes tumor neovascu- 
larization, and it activates the EGFR pathway in 


tumors (Laderoute et al. 1992; Bos et al. 2005; Gu- 
naratnam et al. 2003; Swinson et al. 2004; O’Reilly 
et al. 2006). Hypoxia-induced stabilization of hy- 
poxia-inducible factor (HIF-1/-2a) is known to be 
a strong stimulator of VEGF production by tumor 
cells (Carmeliet 2005), while the expression of 
VEGFR-1 and VEGF-2 in (tumor-associated) en- 
dothelial cells is upregulated by hypoxia (Walten- 
berger et al. 1996). 

Anti-cancer therapy (irradiation, chemotherapy 
or growth factor deprivation) also causes intra-tu- 
moral stress. It has been demonstrated that irra- 
diation enhances both EGFR and VEGF expression 
(Frederick et al. 2006) in tumor cells and in endo- 
thelial cells (Bozec et al. 2005). Chemotherapy also 
upregulates the EGFR expression (Frassoldati et 
al. 1997; Sumitomo et al. 2004; Qiu et al. 2005) and 
may stimulate directly (Wild et al. 2004) or indi- 
rectly, via chemo-enhanced cyclooxygenase (cox)- 
2 expression in tumor cells (Watwe et al. 2005), the 
production of VEGF in tumoral tissue. Upregula- 
tion of both pathways may be involved in resistance 
to radiotherapy and chemotherapy (Chakravarti et 
al. 2002). 

Altogether, this information indicates that both 
the EGFR and the VEGER pathway are upregulated 
constitutively and transiently, due to additional 
stress factors, in tumor tissues. The interesting 
results obtained in clinical trials directed at both 
pathways suggest that dual inhibition may be bet- 
ter than inhibition of only one target. 


EGF(R) Signaling and Angiogenesis: 
Direct Effects on Endothelial Cells 


Two types of endothelial cells are used for in vi- 
tro studies of angiogenesis: human microvascu- 
lar endothelial cells (HMVECs), which respond 
to EGF-like ligands and VEGF, and human 
umbilical vein endothelial cells (HUVECs). HM- 
VECs express EGFR/ErbB1, and stimulation with 
EGF-like ligands induced tube formation while 
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treatment with gefitinib, an EGFR tyrosine kinase 
(TK) inhibitor, inhibited EGF-induced migration 
and tube formation of these cells. HUVECs express 
ErbB2, ErbB3 and ErbB4, but not EGFR. Stimu- 
lation of HUVECs with recombinant neuregulin 
(ligand for ErbB3 and ErbB4) induced cell prolif- 
eration, while stimulation with betacellulin (ligand 
for EGFR and ErbB4) resulted in dimerization and 
subsequent phosphorylation of ErbB2 and ErbB4, 
and proliferation, migration and tube formation 
of HUVECs in collagen gels. Recently, Amin et al. 
(2006) showed that tumor endothelial cells (isolated 
from melanoma, liposarcoma and breast cancer xe- 
nografts, and stained in situ) express EGFR, ErbB2 
and ErbB4. The functionality of these receptors was 
shown by treating these cells with EGF ligands and 
EGFR inhibitors. Various types of normal endothe- 
lial cells expressed ErbB2, ErbB3 and ErbB4. The 
presence of EGFR in tumor endothelial cells was 
confirmed in a pancreatic cancer model (Yokoi et 
al. 2005). This finding suggests that tumor endo- 
thelial cells might be sensitive to EGFR-TK inhibi- 
tors (Amin et al. 2006). A recent study by Semino 
and colleagues suggested that VEGF might induce 
this switch in tumor endothelial EGFR status. They 
treated HUVECs with VEGF and showed that mi- 
gration and morphogenesis of these cells was me- 
diated by autocrine activation of EGFR (Semino et 
al. 2006). 

Mature endothelial vessels are covered by smooth 
muscle cells (SMCs/pericytes). VEGF and angiopoi- 
etin-1 stimulate the production of heparin-binding 
EGF (HB-EGF, an ErbB1 and ErbB4 ligand), a potent 
inducer of angiogenesis (Ongusaha et al. 2004), by 
endothelial cells (Arkonac et al. 1998), which caused 
migration of SMCs (ErbB1 and ErbB2 positive) (liva- 
nainen et al. 2003). These cells, on the other hand, 
produce VEGF when stimulated by (tumoral) EGF 
(Sini et al. 2005). Only mature vessels effectively 
transport erythrocytes, and cooperation of VEGF 
and EGF appears to be engaged in the generation of 
these vessels. 


EGF(R) Signaling and Angiogenesis: 
Indirect Effects on Endothelial Cells 


Ligands of EGFR have no direct effect on HUVECs. 
An indirect effect of EGF on HUVECs was dem- 
onstrated by Hirata et al. (2002), who showed that 
HUVECs when cultured alone did not migrate in 
the presence of EGF, but did migrate when these 
cells were co-cultured with A431 cells, which express 
high levels of EGFR. EGF enhanced the migration 
of HUVECs, while gefitinib and $U5416, a selective 
TK inhibitor of VEGFR-2, blocked the migration of 
HUVECs. This finding was explained by the fact 
that A431 cells produced VEGF and IL-8 in response 
to EGF (Hirata et al. 2002). The production of an- 
giogenic molecules by tumor cells stimulated with 
EGF-like ligands has been confirmed in many other 
studies. EGF stimulation of glioma, bladder cancer 
and gastric tumor cells consistently increased the 
synthesis of VEGF by these cells (Goldman et al. 
1993; Perrotte et al. 1999; Akagi et al. 2003). In gastric 
and pancreatic cell lines EGF induced enhanced pro- 
duction of neuropilin-1, a co-receptor of VEGFR-2, 
increasing the affinity of VEGF to VEGFR-2 (Parikh 
et al. 2003). 

Other ErbB receptors than EGFR, just like other 
ligands of the ErbB family than EGF, also play a role 
in angiogenesis. For example, stimulation of breast 
and lung cancer cells that had a constitutive or en- 
gineered overexpression of ErbB2 with heregulin-f, 
which stimulates ErbB3 and ErbB4 heterodimer- 
ization with ErbB2, induced the secretion of VEGF, 
which was absent in normal mammary and bronchial 
cells (Iivanainen et al. 2003; Akagi et al. 2003). Fur- 
thermore, overexpression of ErbB2 per se in human 
tumor cells appears to increase angiogenesis and ex- 
pression of VEGF (livanainen et al. 2003; Perrotte et 
al. 1999; Laughner et al. 2001). Finally, transforma- 
tion of rat fibroblasts with an ErbB2 mutant resulted 
in increased VEGF production (Petit et al. 1997). 
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Inhibition of EGFR signaling using antibodies 
or specific TK inhibitors confirmed the involve- 
ment of EGFR in tumor-induced angiogenesis 
(Petit et al. 1997; Perrotte et al. 1999; Bruns et al. 
2000; Ciardiello et al. 2001; Kedar et al. 2002). 
Cetuximab, a monoclonal antibody to EGFR, re- 
duced the production of VEGF and IL-8 by human 
transitional, pancreatic, colon and epidermoid can- 
cer cells in vitro (Petit et al. 1997; Perrotte et al. 1999; 
Bruns et al. 2000; Ciardiello et al. 2001), whereas 
antibodies directed against ErbB2 downregulated 
VEGF production in an ErbB2-positive breast can- 
cer cell line (Petit et al. 1997). Gefitinib decreased 
the VEGF and bFGF production in vitro in various 
cancer cell lines (Ciardiello et al. 2001). 

In summary, we may conclude that activity of 
EGFR signaling in tumors is associated with the 
production of multiple angiogenic molecules, while 
inhibition of this pathway reduces their angiogenic 
profile. In addition, we may conclude that the effect 
of EGF-like ligands on tumoral endothelial cells can 
be direct as well as indirect. 


EGFR Signaling and Angiogenesis: 
In Vivo Studies 


Several ErbB ligands stimulate angiogenesis in pre- 
clinical models. This has been shown in a mouse 
cornea model (Bruns et al. 2000), in a chorioallan- 
toic membrane assay (Goldman et al. 1993) and in 
bladder cancer xenografts (Ciardiello et al. 2001). 
Furthermore, EGFR inhibitors inhibit tumoral 
angiogenesis in preclinical models. Xenografts of 
pancreaticcarcinomashowedadecreasedexpression 
of VEGF and IL-8, a decrease in microvessel density 
(MVD) and endothelial cell apoptosis after several 
weeks of treatment with either cetuximab or PKI 
166 (an EGFR-TK inhibitor) (Ciardiello et al. 2001). 
Cetuximab suppressed VEGF in xenografts of A431 
and transitional cancer cells (Petit et al. 1997; Per- 
rotte et al. 1999). The decrease in VEGF, IL-8 and 
bFGF, assessed by immunohistochemistry (IHC), 


preceded the involution of tumor blood vessels. 
Treatment of squamous cell cancer xenografts with 
cetuximab inhibited the growth and local invasion 
of these cells and their associated endothelial cells 
(Huang et al. 2002). Treatment with either cetux- 
imab or gefitinib resulted in a decrease of VEGF, 
bFGF and TGF-6 expression in colon cancer xeno- 
grafts and a reduction in MVD (Ciardiello et al. 
2001). Finally, treatment with PKI 166 of human 
renal cel] cancer xenografts in nude mice down- 
regulated expression of VEGF, IL-8 and bFGF and 
decreased MVD (Kedar et al. 2002). These stud- 
ies show that activation of EGF-EGFR signaling 
induces tumor-associated angiogenesis and that 
inhibition of this effect may contribute to the anti- 
cancer effects of EGFR inhibitors. This idea has 
recently been indirectly confirmed by Chung et 
al. who showed that patients with EGFR-negative 
tumors responded to cetuximab, an effect which 
might be explained by the direct effect of cetux- 
imab on the tumoral endothelial cell compartment 
(Chung et al. 2005). 


Resistance to Anti-EGFR and 
Anti-VEGFR Therapy 


Specific mutations in the ATP-binding site of the 
EGFR and the status of specific downstream sig- 
naling molecules (Akt, MAPK) are predictive fora 
clinical response to EGFR TK inhibitors (Janne et 
al. 2004; Miller et al. 2005). Acquired resistance to 
EGFR inhibitors occurs in clinical studies and can 
be induced in preclinical models by continuous 
treatment with anti-EGFR agents (Viloria-Petit et 
al. 2001; Ciardiello et al. 2004).This reduced sensi- 
tivity to anti-EGFR therapy could not be explained 
by changes in EGFR status in these two studies, 
since total protein and phosphorylation of EGFR 
did not significantly change during treatment. The 
mechanisms of acquired resistance to EGFR in- 
hibitors have recently been reviewed (Viloria-Petit 
and Kerbel 2004; Camp et al. 2005). Genetic altera- 
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tion or overactivity of oncogenic signaling path- 
ways independent of EGFR, but also mutations in 
the EGFR gene, are responsible for resistance to 
EGFR inhibitors (Kobayashi et al. 2005). Upregu- 
lation of VEGF and other angiogenic molecules 
by tumor cells is another mechanism. Chronic 
treatment of mice bearing A431 tumor xenografts 
with cetuximab induced resistance, which was as- 
sociated with retained high EGFR expression and 
unaltered sensitivity to cetuximab when these tu- 
mor cells were harvested and cultured in vitro. 
Their increased growth potential in vivo could be 
explained by an increased production of VEGF, 
resulting in increased angiogenic potential (Vilo- 
ria-Petit et al. 2001). Ciardiello and colleagues 
induced resistance to cetuximab and gefitinib by 
continuous treatment of colon cancer xenografts 
in athymic mice (Ciardiello et al. 2004). These re- 
sistant colon cancer cells showed a five- to ten- 
fold increase in activated MAPK and expression 
of cox-2 and VEGF, compared with parental colon 
cancer cells. Perez-Soler found that acquired re- 
sistance of squamous cancer cell lines to erlotinib 
was associated with increased activity of AKT and 
overexpression of fibroblast growth factor recep- 
tor (FGFR), platelet-derived growth factor recep- 
tor (PDGFR) and fibronectin (Perez-Soler 2004). 
All these molecules are involved in angiogenesis. 
Finally, resistance to trastuzumab, the antibody 
against ErbB2, was also found to be associated 
with elevated levels of VEGF and could be treated 
with bevacizumab in a breast cancer model (du 
Manoir et al. 2006). 

In a recent study, it was shown that an antibody 
against VEGFR-2 inhibited the growth of intra- 
cerebral glioblastoma cells, but caused increased 
tumor cell invasion along the preexisting vascula- 
ture, which could be blocked by cetuximab (Lam- 
szus et al. 2005). Together, these data suggest that 
VEGF may be involved in the resistance to anti- 
EGFR treatment, while EGF may play a role in the 
resistance to anti-VEGF(R) therapies. 


Combined Targeting of EGFR and VEGF(R) 
in Preclinical and Clinical Studies 


It is appealing to combine anti-EGFR drugs with anti- 
angiogenic interventions. This has been investigated 
preclinically using agents with dual inhibition of both 
EGFR and VEGER (e.g. ZD6474 and AEE788), and with 
combinations of EGFR and VEGF(R) inhibitors. 

ZD6474, a TK inhibitor of VEGFR and EGFR 
(Heymach 2005), has been shown to induce sub- 
stantial anti-tumor effects in preclinical models 
studying gastric cancer (McCarthy et al. 2004; Arao 
et al. 2006), hepatocellular carcinoma (Giannelli et 
al. 2006), central nervous tumors (Sandstrom et al. 
2004; Rich et al. 2005), small cell lung cancer (Yano 
et al. 2005), renal cell cancer (Drevs et al. 2004) and 
prostate cancer (Checkley et al. 2003). The anti-tu- 
mor effects were accompanied by increased apop- 
tosis of tumor cells and associated endothelial 
cells in these studies. ZD6474 induced an immedi- 
ate reduction of vascular permeability in prostate 
xenografts (Checkley et al. 2003). ZD6474 was still 
effective in colon cancer cell xenografts resistant 
to cetuximab and gefitinib, and continuous treat- 
ment with ZD6474 monotherapy resulted in efficient 
growth inhibition for up to 150 days in this model 
(Ciardiello et al. 2004). 

AEE788, a TK inhibitor of ErbBl and ErbB2 and 
VEGFR-1 and -2, demonstrated anti-proliferative 
activity against a range of EGFR-overexpressing 
tumor cell lines and EGF- and VEGF-stimulated 
HUVECs. In preclinical models featuring anaplas- 
tic or follicular thyroid carcinoma (Kim et al. 2005; 
Younes et al. 2005), squamous cancer (Yigitbasi 
et al. 2004; Park et al. 2005), ovarian cancer (Thaker 
et al. 2005), pancreatic cancer (Yokoi et al. 2005) and 
prostate cancer (Yazici et al. 2005) this agent had 
substantial anti-tumor activity, accompanied by 
apoptosis of tumor-associated endothelial cells and 
decreased microvessel density. 
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Addition of cetuximab to an anti-VEGFR anti- 
body, DC101, resulted in further reduction in tumor 
growth, tumor vascularity and formation of ascites, 
and increase in apoptosis of both tumor cells and 
endothelial cells, in a colon cancer model (Shaheen 
et al. 2001). In this model cetuximab augmented sig- 
nificantly the anti-angiogenic effects of DC101. In 
an orthotopic gastric cancer mice model the com- 
bination of these two agents was superior in tumor 
growth inhibition compared with either agent alone 
(Jung et al. 2002). Cetuximab plus an antisense 
VEGF oligonucleotide in mice with human colon 
cancer also induced a prolonged inhibition of tu- 
mor growth and reduction in MVD (Ciardiello et al. 
2000). Moreover, Hidalgo reported additional anti- 
tumor effects when erlotinib was combined with 
the anti-VEGF antibody bevacizumab in a variety of 
preclinical models (Hidalgo 2003). 

Together, these preclinical investigations indi- 
cate that therapy combining anti-EGFR with anti- 
VEGF(R) could be of interest for cancer patients. 

Several clinical studies combining anti-EGFR 
compounds with angiogenesis inhibitors are un- 
der way. Results of small phase I/II trials combin- 
ing erlotinib with bevacizumab have recently been 
presented. Herbst et al. showed that in patients with 
recurrent non-small cell lung cancer (NSCLC) this 
combination resulted in 20% partial responses (PR) 
and 65% stable disease (SD) (Herbst et al. 2005). 
These results appear better than those obtained with 
erlotinib alone in unselected patients (Shepherd et 
al. 2005). The results of a study for patients with re- 
nal cell cancer were of special interest. The combi- 
nation resulted in 25% PR and 61% SD (Hainsworth 
et al. 2005), while EGFR inhibitors were not effec- 
tive (Dawson et al. 2004) and bevacizumab alone 
induced only 10% PR in this disease (Yang 2004). 
However, a phase II trial with ZD6474 for 46 heavily 
pretreated breast cancer patients showed no activity 
(Miller et al. 2005). The toxicity in these studies was 
limited to grade 2. Rash, diarrhea, hypertension and 
fatigue were the most common side effects, which 
seldom necessitated discontinuation of treatment. 
A great number of trials based on this concept are 
running at this moment. So far we may conclude that 
preliminary data support the preclinical evidence 


that combination of anti-EGFR and anti-VEGF(R) 
therapy is promising. A next step will be combina- 
tion of antibodies and TK inhibitors with the same 
target (Matar et al. 2004), and the use of drugs (alone 
or in combination) with a broader target profile: for 
instance plus bFGF(R) or PDGF(R). Combination of 
drugs targeting both EGFR and VEGF(R) with che- 
motherapy (Yigitbasi et al. 2004; Yokoi et al. 2005) 
or radiotherapy (Williams et al. 2004; Damiano et 
al. 2005; Frederick et al. 2006) has been shown to be 
successful in preclinical settings. In the ATLAS trial 
patients with locally advanced or metastatic NSCLC 
will be treated with chemotherapy plus bevacizumab 
and, after progression of disease, by bevacizumab 
followed by erlotinib or by the combination of these 
drugs. In the Betalung trial patients with advanced 
or metastatic NSCLC previously treated with chemo- 
therapy will receive erlotinib or erlotinib with beva- 
cizumab, while in another trial such patients will be 
randomized between docetaxel + pemetrexed with or 
without bevacizumab and erlotinib + bevacizumab. 
The outcome of these trials will certainly have great 
impact on the oncology practice of the future. 


Conclusion 


Strong preclinical evidence points to important 
crosstalk between activated EGFR and VEGF(R) 
pathways in tumor biology. Both pathways are 
upregulated in tumors due to the genetic profile, 
hypoxia and stress induced by anti-cancer strate- 
gies. Moreover, both families of proteins stimulate 
the production of each other. Inhibition of one or 
both pathways is consequential for the activity of 
the other. In preclinical studies, resistance to anti- 
EGER therapy could be circumvented and survival 
could be improved with anti-angiogenic therapy. 
Therefore, the combination of inhibitors of both 
pathways is logical and may be more effective than 
blocking one or the other. The first clinical experi- 
ences encourage further clinical exploration of this 
combination. 
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Abstract 


Although tumor size measurements taken 
from CT scans are useful for monitoring 
treatment, this approach has several weak- 
nesses due to heterogeneity of response, in- 
ter-observer variability, potentially long time 
frames to gain data, and lack of specificity 
to the mechanism of response. This requires 
increasingly long-term measures to assess 
efficacy that may offer little advantage over 
clinical assessment measures. Increasing 
knowledge of molecular medicine and its ap- 
plication to the study of cancer has dramati- 
cally changed treatment approaches, and there 
are many potential cancer treatments in the 
“pipeline” of the major pharmaceutical com- 
panies and research institutes. Clinical stud- 
ies are particularly important, since animal 
studies do not directly translate to humans, 
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and most pre-clinical studies are carried out 
in “non-wild-type” tumors with different lo- 
cations, maturity and stages of development. 
This is particularly true for treatments based 
on tumor angiogenesis. The questions in 
early clinical trials have changed from toxic- 
ity and pharmacokinetics to include whether 
the agent is having its intended effect in vivo. 
There is, therefore, an increasing need to 
study biological processes in vivo at both the 
pre-clinical and clinical stages of pharmaco- 
logical development and application. Imaging 
studies sensitive to these biological processes 
have been used extensively in the pre-clini- 
cal setting, but translation of this work from 
bench to bedside is more difficult. This article 
discusses the development of such imaging 
and attempts to address the questions being 
asked of imaging departments by oncologists 
and pharmaceutical companies. 
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Introduction 


Although medical imaging for cancer has changed 
greatly over the past three decades, there is still 
an emphasis on a surgical approach to disease, 
concentrating on the localization, size, shape and 
appearance of tumor lesions. Advanced scanning 
equipment, using X-ray computed tomography, ul- 
trasound, magnetic resonance and positron-emit- 
ting agents, is largely used to assess new cancer 
patients accurately prior to surgical treatment of 
their tumors. For patients with advanced cancer 
on systemic therapy, imaging is used mainly to 
document increases or decreases in tumor size. 
Pressure for change has been limited by the lack 
of innovative pharmacological approaches to can- 
cer therapy, with surgical resection still giving the 
best chance of cure in most solid tumors (Bailar 
and Gornik 1997). 

Although, as might be expected, tumor size mea- 
surements taken from X-ray computed tomography 
scans have a correlation with clinical outcome in 
chemotherapy (Buyse et al. 2000), and are useful 
for monitoring treatment where rapid size changes 
are expected, this approach has several weak- 
nesses. In lung cancer the tumor shrinkage (re- 
sponse rate) shows some correlation with survival 
but not as much as might be hoped (Shanafelt et al. 
2004). Further, for gastric cancer it has been demon- 
strated that it is probably the duration of the stable 
disease phase, and not tumor shrinkage, that has 
the major effect in prolonging survival of patients 


(Takahashi et al. 2000). This requires increasingly 
long-term measures to assess efficacy that may of- 
fer little advantage over assessment of clinical mea- 
sures of progression-free survival or quality of life. 
A second weakness is that inter- and intraobserver 
variation in assessment of response rates, using 
cross-sectional imaging, is poor and requires a 30% 
reduction in size of tumors to reliably gauge the re- 
sponse to treatment (Therasse et al. 2000). Thus, to 
assess the efficacy of a cancer treatment properly, 
long-term markers of efficacy are currently required, 
requiring large-scale expensive studies. 

Increasing knowledge of molecular medicine and 
its application to the study of cancer has dramati- 
cally changed treatment approaches, and there are 
many potential cancer treatments in the “pipeline” 
of the major pharmaceutical companies and research 
institutes. Clinical studies are particularly impor- 
tant, since animal studies do not directly translate 
to humans, and most pre-clinical studies are carried 
out in “non-wild-type” tumors varying in location, 
maturity and stage of development. 

This is particularly true for the introduction of 
targeted agents that inhibit specific tumor pathways, 
such as treatments based on tumor angiogenesis. 
Traditionally, the purpose of a phase I clinical study 
is to establish pharmacokinetics and potential tox- 
icity in humans. However, with so many potential 
therapeutic options being developed, the questions 
in early trials have changed to: does the agent has an 
effect via the intended mechanism (e.g., changes in 
vascularity) in vivo; does it affect the intended re- 
ceptor in vivo; and is it getting to the right place in 
sufficient quantities and times in the studied dose 
regime (Jain 1994)? These are important for early 
clinical studies in advanced cancer, since it may 
be difficult to detect clinical efficacy by traditional 
methods such as survival or a reduction in tumor 
size. However, trials do not solely need to confirm 
that new agents are acting in their intended way, but 
also to sieve through large numbers of agents for po- 
tential efficacy in the shortest time possible. There 
is, therefore, an increasing need to study biological 
processes in vivo at both the pre-clinical and clini- 
cal stages of pharmacological development and ap- 
plication. 


Imaging the Effect of Anti-Angiogenic Tumor Therapy in Clinical Studies 


There are two potential roles for imaging: first as 
a “biomarker”, and second as a “surrogate clinical 
endpoint” for the activity of the drug. A biological 
marker (biomarker) is defined as an objective mea- 
surement indicating a pharmacological response to 
a therapeutic intervention. A surrogate clinical end- 
point is a biomarker that is intended to substitute 
tor a clinical endpoint; a characteristic or variable 
that reflects the patient’s well-being (Atkinson et 
al. 2001). Surrogate endpoints potentially provide a 
quicker trial result, since “true” endpoints include 
parameters such as 5-year survival. They also help 
to avoid clouding of the results by factors inciden- 
tal to the treated disease. Another advantage is that 
fewer patients are required, because each patient 
can act as their own control. 

However, a balance is needed between the use 
of specific biomarkers and true clinical endpoints. 
On the one hand, it is useful to know whether treat- 
ments are promising in early therapeutic trials, even 
if advanced tumors are not the ultimate target, since 
this avoids rejecting a potentially useful therapy. 
On the other hand, in combination treatment, anti- 
angiogenic treatment may be expected to reduce 
vasculature, which may compromise the effective- 
ness of radiotherapy or chemotherapy. In this case, 
biomarkers showing specific drug activity are less 
helpful, and ‘true’ indirect clinical endpoints, such 
as tumor size response or delayed time to progres- 
sion, are required (Hurwitz et al. 2005). 

This has lead to the search for new surrogate end- 
points as markers of efficacy for angiogenesis inhib- 
itors. Angiogenesis is a local tissue phenomenon, so 
attempts to measure surrogate markers in the blood, 
while promising, may be non-specific (Drevs et al. 
2005). Biopsies with histopathological staining are 
invasive, may not be representative of the whole tu- 
mor, and only give information at a single time point 
(Kerbel 2000). Several imaging modalities poten- 
tially offer a non-invasive in vivo test, with the ability 
both to measure tumors spatially and to map their 
changes over time. Functional and molecular infor- 
mation is increasingly being emphasized, and the in 
vivo characterization and measurement of biologi- 
cal processes at the cellular and molecular level is 
often described as ‘molecular imaging’ (Weissleder 


and Mahmood 2001). Measuring vascular or other 
physiological changes can be described as ‘func- 
tional’ imaging. Such molecular or functional im- 
aging could very quickly show whether the drug is 
working at a mechanistic/molecular level. Imaging 
is already changing the study of drug development 
in the pre-clinical] phase, but is just starting to have 
an impact in the clinic. 

Imaging studies investigating the molecular ba- 
sis of cancer have been used extensively in the pre- 
clinical setting (Evelhoch et al. 2000), but transla- 
tion of this work from bench to bedside is more diffi- 
cult, since radiology departments are often focused 
on high-turnover clinical service work, with little 
money or poor organizational systems for research. 
Furthermore, using complex imaging in clinical tri- 
als to study biological processes asks more time and 
greater commitment from the patient. 


Possible Imaging Targets 


The “switch” to angiogenesis involves many pro- 
cesses and factors which may be potential treat- 
ment targets. These range from genetic alterations, 
to the consequences of angiogenic factors, such as 
vascular endothelial growth factor (VEGF), causing 
changes in vascular permeability, proliferation and 
maturity. Vascular changes may result in increased 
circulation or, more commonly, the presence of in- 
adequate vascular networks and lymphatics, leading 
to hypoxia and high interstitial pressure (Carmeliet 
and Jain 2000). 

There are, therefore, several aspects of the angio- 
genic process that are amenable to imaging. First 
are the direct processes that may be manifested by 
over-expression of cell surface markers, falling into 
the realms of ‘molecular imaging’. These processes 
may also lead to changes in circulating angiogenic 
factors (Drevs et al. 2005). Less directly, there will be 
changes in the vasculature itself, including the vas- 
cular permeability to macromolecules (and there- 
fore contrast agents), the perfusion of the tissue, 
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and the maturity of the vessels in the tumor which 
may change in response to pharmacologic manipu- 
lation. Ultimately, failure of tissue perfusion will 
lead to cell death by necrosis and apoptosis, which 
suggests further potential imaging targets including 
hypoxia and apoptosis markers as well as tumor vol- 
ume. Anti-angiogenic treatment may therefore have 
a range of effects on the vascular characteristics of 
a tumor but, ultimately, all should be amenable to 
imaging of some kind. 

There are three major mechanisms by which 
pharmacological targeting of tumor blood vessels 
could be achieved: true angiogenesis inhibition, 
vascular targeting (directly destroying blood ves- 
sels) and non-selective anti-angiogenic effects such 
as have been proposed for some chemotherapeutic 
agents at low dose (Miller et al. 2001). Thus, any 
successful cancer treatment may affect vasculature 
and therefore alter imaging-derived vascular pa- 
rameters. Furthermore, any imaging test that has 
been shown to correlate with a successful clinical 
outcome may be useful in clinical studies of anti- 
angiogenesis agents. 

The vascularity of a tumor can be measured in 
terms of the blood volume (the volume of the in- 
travascular space compared with the volume of 
the tumor) and perfusion (rate of blood flow into 
the tumor per unit volume of tumor). A further as- 
pect is the permeability of the vasculature, which 
determines the ease with which substances can 
pass from the intravascular to the extravascular, 
extracellular (interstitial) space. The permeability 
varies according to the molecular weight (size) of 
the substance, and angiogenesis promoters such as 
VEGF have been shown to increase permeability 
to macromolecules (Dvorak 2002). There is debate 
about the exact mechanism of changes in macro- 
molecular permeability that may impact on inter- 
pretation of imaging results. One possibility is that 
macromolecules extravasate predominantly by an 
opening of the junctions between adjacent endothe- 
lial cells (McDonald et al. 1999). However, Dvorak 
and colleagues argue that, although it is likely that 
very small hydrophilic molecules up to 3nm in 
diameter pass through intact interendothelial cell 
junctions, in response to VEGF-A macromolecules 


up to 50-70 nm in diameter cross the endothelium 
predominantly by means of a transendothelial cell 
pathway that involves vesiculovacuolar organelles 
(Dvorak 2002). Thus, there are potentially two 
distinct mechanisms for the leakage of macromol- 
ecules up to 3 nm in diameter. 

Phase I trial design is made difficult by the lack of 
toxicity of these drugs, such that toxicity-based selec- 
tion of dose for further development may not be the 
best way forward. Although conventional imaging 
techniques are still needed, since tumor size moni- 
toring will remain an important response variable 
(Carmeliet and Jain 2000), methods to demonstrate 
biological activity before reaching maximum tol- 
erated dose, or even to show an optimal dose well 
below the maximum tolerated dose, would greatly 
enhance the utility of such studies. There is cur- 
rently no proven method of imaging the angiogenic 
process. The reasons for this are easy to grasp: an- 
giogenesis is a complex process involving many 
steps, defying a simple single-method approach. 
Furthermore, if the individual molecular processes 
are to be studied, the method has to be sensitive to 
microscopic changes or nanomolar concentrations 
of naturally occurring substances or deliverable im- 
aging contrast agents. 

It should be noted that in a dose-escalating trial, 
even if a potential biomarker shows a correlation be- 
tween dose and efficacy, this may represent purely a 
side effect or even toxicity of the drug, and does not 
imply cause and effect. Although many imaging tests 
are in the early stages of validation as biomarkers, 
there are, as yet, no studies validating “functional 
imaging” as surrogate endpoint of clinical efficacy 
for anti-angiogenic treatments. 


Imaging Modalities 


Imaging can be performed by a variety of modali- 
ties, including X-ray computed tomography (CT), 
magnetic resonance imaging (MRI), radioisotope 
imaging (single photon emission computed tomog- 
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raphy, SPECT, and positron emission computed to- 
mography, PET), ultrasound and optical imaging. 
One fundamental parameter of all imaging modali- 
ties is their resolution, which impacts on the ability 
to separate tissues that are different either by struc- 
ture or function in a spatial and temporal manner. 
Resolution is related to the ratio of signal to noise, 
or the ratio of the information returned from the 
tissue to the random variation in that informa- 
tion due to measurement imperfections. All in vivo 
imaging techniques have their own strengths and 
weaknesses due to the different types of informa- 
tion returned, and therefore have varying limits of 
spatial and temporal resolution. In some cases, the 
imaging modality alone provides information that 
is relevant for studying angiogenesis, e.g. Doppler 
ultrasound, which provides blood flow measures, 
or MRI using diffusion or spectroscopy techniques. 
However, with other techniques, a contrast agent 
(or probe, possibly radioactively labeled) is re- 
quired. In these cases, it is the attributes of the 
agent that largely dictate what information can be 
gained. The imaging test determines at what con- 
centration, speed and spatial resolution the agent 
can be studied. 

When a contrast agent is used, it may provide 
direct information related to a specific aspect of 
angiogenesis, or indirect (downstream) informa- 
tion related to a consequence of successful therapy. 
Most tests performed without the use of contrast 
media or probes are generally indirect. The mul- 
tiple potential targets and treatment strategies 
suggest that the most useful approach may be an 
indirect measure of angiogenesis. The most com- 
mon current indirect indicators of angiogenesis 
are changes in metabolism and vascularity. These 
represent the expected downstream consequences 
of depriving the tumor of blood supply, and are 
particularly useful if there is uncertainty about 
the exact nature of the mechanisms of action of 
the drug, and the need to test drugs with different 
mechanisms in combination. 

This chapter reviews these imaging methods and 
concentrates on the modalities that are available to 
most cancer centers, including dynamic contrast- 
enhanced MRI and FDG-PET scanning. 


MRI with Contrast Agents 


Studies of the vasculature with MRI normally 
include rapid injection of a contrast agent, often 
referred to as dynamic contrast-enhanced (DCE)- 
MRI. Consequent changes in the image brightness 
are then used to detect and characterize lesions. 
DCE-MRI is already being proposed for routine 
clinical application in MR mammography. 

The MR image is created from the nuclei of hy- 
drogen atoms (protons), which are present mainly 
in water. Application of both a large static magnetic 
field and a series of radio-frequency pulses causes 
“excitation” of the protons and generates the signal. 
The image (a spatial location map of the proton sig- 
nal) is created by applying magnetic field gradients 
in different directions. Although the signal intensity 
is largely dependent on the water concentration (or 
proton density), the image can be made sensitive to 
two different ways in which the signal changes or 
‘relaxes’: the time constants that govern these two 
relaxation processes are called the T, and T, relax- 
ation times. When the image is sensitized to one of 
the relaxation processes, this is called T,-weighted 
or T,-weighted imaging. 

Contrast media are available that can cause both 
T, and T, to change, with a consequent change in 
signal intensity. The presence of contrast agent 
is indicated by either signal hyperintensity (with 
T,-weighted imaging), or hypointensity (with T,- 
weighted imaging). In normal clinical use in the 
brain, just a single image is acquired some time 
(typically 5 min) after contrast injection to show the 
distribution of the agent and to confirm opening of 
the blood-brain barrier. Outside the brain, however, 
where even in healthy tissue the contrast agent leaks 
from the vasculature, measuring the time course of 
the signal change in the tissue can be much more 
revealing. 

Using contrast media of varying molecular weights 
and magnetic properties, MRI can be used to measure 
blood volume, perfusion and blood vessel permeabil- 
ity (Su et al. 1998). High-molecular-weight contrast 
agents will stay within the intravascular space, and 
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by collecting MR images continuously as the contrast 
is injected, both blood volume and perfusion can be 
estimated. Very small molecules, such as water, will 
leak rapidly into the interstitial space, again providing 
a guide to perfusion in the dynamic phase and the size 
of the interstitial space. Agents of low to intermediate 
molecular weight, however, are neither freely diffusible 
nor do they remain purely in the blood pool, and the 
degree of signal change will be related to both flow and 
permeability parameters. Starting before the injection 
of contrast, DCE-MR images are acquired as the con- 
trast first ‘washes’ into the tissue, and may continue as 
it begins to wash out, with the plasma concentration 
diminishing as contrast disperses and is cleared via 
the kidneys. Temporal analysis of the enhancement 
pattern for intermediate size agents can help elucidate 
the separate components of blood volume, perfusion 
and permeability, but for low-molecular-weight com- 
pounds such as the standard gadolinium (Gd) chelates 
available for use in humans, the enhancement pattern 
seen often results from an inseparable combination 
of flow, blood volume and permeability (Tofts et al. 
1999). As well as perfusion and permeability, the en- 
hancement profile depends on the volume of tissue to 
which the contrast agent has access - the extravascu- 
lar, extracellular space: the higher its volume fraction, 
the slower the contrast agent will equilibrate between 
the blood and the tissue. 

Although non-specific, all these factors are re- 
lated to angiogenesis (Carmeliet and Jain 2000), and 
microvascular density, malignancy, and prognosis 
have all been correlated with enhancement param- 
eters (Buadu et al. 1996; Hawighorst et al. 1998). 
Correlations are not reliable, however, probably due 
to the variable effects of malignancy on vascularity 
and vascular permeability (Hulka et al. 1997). Sev- 
eral studies have shown that successful therapies 
may result in changes in parameters derived from 
DCE-MRI data in animals and humans, which may 
prove a more accurate and earlier indication of re- 
sponse than standard clinical and imaging param- 
eters (Pham et al. 1998). 

The signal intensity from T,-weighted MRI de- 
pends on inherent tissue properties and requires 
MRI sequences that are insensitive to local mag- 
netic field inhomogeneity (spin-echo sequences). A 


similar type of scan (T, -weighted imaging) is sen- 
sitized to any local magnetic field inhomogeneity 
and shows a reduction in signal intensity in regions 
of poor field uniformity. Standard gadolinium che- 
lates in high concentration cause shortening of the 
T, relaxation time. Such concentrations are found 
in the vascular tree after bolus injection, causing a 
decrease in observed signal intensity. This T,” effect 
reduces dramatically as leakage into the extravascu- 
lar space occurs. Therefore, gadolinium chelates are 
sometimes considered as extravascular agents with 
T,-weighted imaging and as intravascular agents for 
T, -weighted imaging. 

Gadolinium chelates are used routinely in clinical 
practice with T,’-weighted imaging for cerebral 
perfusion studies, where the blood-brain barrier 
prevents leakage into the extravascular space. In 
tumors, breakdown of the blood-brain barrier, 
which is essential for standard contrast enhance- 
ment, makes the T,” effect less consistent and more 
difficult to interpret quantitatively. 

Other contrast agents are now becoming available 
for use in humans, and these are based around iron 
oxide particles in a dextran coating, giving a strong 
T, change even at low concentrations. These agents, 
called super-paramagnetic iron oxide particles 
(SPIOs) or ultra-small super-paramagnetic iron ox- 
ide particles (USPIOs), may have potential as blood 
pool markers when used in conjunction with a dy- 
namic MRI scan. They are already proving useful in 
the clinic as specific lymph node markers. In a trial 
of 80 patients with pre-surgical, clinical stage T1, 
T2, or T3 prostate cancer, high-resolution MRI with 
highly lymphotropic super-paramagnetic nanopar- 
ticles allowed the detection of small and otherwise 
undetectable lymph-node metastases (Harisinghani 
et al. 2003). 

These developments, and the fact that contrast- 
enhanced MRI is often performed routinely in can- 
cer patients, has led to increased interest in the use 
of this imaging modality to study the effects of treat- 
ment. This has met with varying degrees of success, 
with some clinical studies showing that DCE-MRI 
with standard gadolinium chelates (using a variety 
of imaging and analysis methods) can successfully 
be used to assess different types of therapy. 
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40.4.1 
DCE-MRI Sequence 


Ideally, DCE-MRI data acquisition should have high 
spatial resolution and allow mapping of enhance- 
ment parameters for the tumor in a pixel-by-pixel 
manner. This is important for gaining prognostic 
information about a tumor where small areas of in- 
creased tumor activity could otherwise be missed. 
This approach typically involves image acquisition 
times of between 6 s and 30s for each image in the 
dynamic series. This may not be practical for many 
phase I studies, as a large proportion of metastatic 
disease treated by chemotherapy is in parts of the 
body that cannot be easily immobilized, such as liver 
and lung. In these areas, pixel-by-pixel data analysis 
is complicated by the need for sophisticated regis- 
tration of the tumor in consecutive images. Long 
imaging times also involve multiple breath-holds, 
which may be difficult for a patient with advanced 
cancer. Good temporal resolution is needed to cap- 
ture the dynamics of contrast uptake fully, but also 
with increased scan times there is the risk of patient 
movement during the acquisition, which can result 
in artifacts and unusable images. The choice of pulse 
sequence is therefore a compromise depending on 
multiple factors, including the expected rate of tu- 
mor contrast uptake and the tumor location, since 
anatomical areas that are easily immobilized (such 
the head, limbs or breast) are more suitable for high- 
resolution imaging. 


40.4.2 
Quantification of DCE-MRI 


There are many ways of quantifying the “enhance- 
ment” of tumors after injection of a contrast agent, 
including semi-quantitative analysis such as mea- 
suring peak enhancement or the maximum upslope 
of the enhancement curve. However, the shape of 
the tissue enhancement curve depends on differ- 
ent physiological parameters at different times. If 
the peak enhancement occurs after, say, 1 min, it 
will depend mainly on the perfusion and perme- 


ability of the vasculature whilst if it occurs after 
10 min, it may depend more on the volume of the 
extravascular, extracellular space. Maximum slope 
can also be a problem, since in rapidly enhancing 
tumors it may be difficult to measure because of the 
coarse sampling of the enhancement curve, while in 
heterogeneous tumors there will be more than one 
component to the initial slope. Perhaps the simplest 
semi-quantitative approach is to evaluate the area 
under the enhancement curve out to a certain fixed 
time after contrast injection. This measurement has 
no direct physiologic meaning, but is a robust mea- 
sure that depends on the vascularity of the tumor 
in its broadest sense. This is often termed the initial 
area under the enhancement curve (IAUC). 

All such properties of the enhancement curve are, 
however, dependent on the concentration of contrast 
agent in the artery that feeds the tumor (the arterial 
input function, AIF): the total amount injected, the 
rate of injection, and the dispersion of the bolus be- 
tween injection and delivery to the tumor all affect 
the enhancement. Hence, it is usual to “normalize” 
the enhancement curve to take the AIF into account 
by, for example, dividing the IAUC by the AUC for 
a feeding artery out to the same time point. In fact, 
any robust analysis method must be able to take 
the AIF into account, although in follow up studies, 
where relative changes from pre-treatment values 
are important, it may possible to assume that the 
AIF is consistent from one scan to the next. 

A more sophisticated quantitative approach at- 
tempts to quantify the perfusion/permeability in 
terms of a non-specific leakage rate constant K'™*"* 
and the extravascular, extracellular space volume 
fraction ve (Tofts et al. 1999). These methods make 
a few assumptions. First is that the imaged tis- 
sue comprises three compartments: the vascular 
space, the extracellular, extravascular space and 
the intracellular space. Since contrast agent enters 
neither red blood cells nor tissue cells in normal 
tissue, the method models movement of contrast 
agent between the plasma and the extracellular, 
extravascular space. It is also assumed that there 
is no active transport mechanism and therefore 
the flux depends only on the concentration gradi- 
ent and the vascular permeability (Kety 1951). A 
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slightly more sophisticated model also estimates 
the vascular volume fraction, which is otherwise 
assumed to be negligible. The imaging community 
is working to develop uniformity of imaging and 
analysis protocols, but this will remain difficult 
until successful treatments are available by which 
to assess the utility of different methods in various 
tumors and organ systems. 

The image acquisition technique and analysis 
method used depend on the tumor site and tumor 
heterogeneity. There is no doubt that calculating 
enhancement parameters for all pixels in a tumor 
increases the information available, but this ap- 
proach is difficult where there is motion in the 
tissue (such as in lung), or where the tumor changes 
size or shape on treatment. In these, cases averag- 
ing parameters over the whole tumor may be more 
useful. 

The lack of agreement about data acquisition 
and analysis methods makes comparison of results 
among groups difficult. It is possible that different 
methods will lend themselves to different agents 
with different mechanisms of action, and too much 
standardization may stifle development. Further- 
more, in all models, basic assumptions are made 
about the distribution of the contrast agent or iso- 
tope, which may not prove true in tumors. 


40.4.3 
Clinical Trials Using DCE-MRI 


In phase I studies, conducted in Leicester (UK) and 
Freiburg (Germany), we have shown that DCE-MRI 
can provide useful information in the clinical study 
of an angiogenesis inhibitor (Morgan et al. 2003; 
Thomas et al. 2005), The agent (PTK787/ZK222584) 
is a small-molecule inhibitor of VEGF tyrosine ki- 
nases. In a sub-cohort of 25 patients with liver me- 
tastases from colorectal carcinoma, we showed sig- 
nificant reductions in enhancement rates as early as 
day 2 after start of treatment, which may persist for 
months. These changes correlated significantly with 
increasing dose and plasma levels. Furthermore, the 
degree of enhancement reduction correlated well 
with changes in tumor size and clinical response. 


Similar changes have been seen in glioblastoma 
multiforme with the same agent (Yung et al. 2003). 
These studies have helped in the selection of the 
dose and tumor types to be used in phase II and III 
studies. Similar trials using an anti-VEGF antibody 
HuMV833 and the small-molecule tyrosine kinase 
inhibitor AG-013736 show a similar magnitude of 
changes in contrast enhancement parameters (Jay- 
son et al. 2002; Liu et al. 2005). 

Although there is a clear relationship between the 
measured enhancement parameters and treatment 
with the drug, the exact mechanism is not clear. The 
mechanism therefore has to be inferred, based on 
our knowledge of pre-clinical data and knowledge of 
the various factors that can affect the imaging test. 
In pre-clinical studies with other anti-VEGF agents, 
changes in endothelial cell survival and vessel den- 
sity may not occur for some days after initiation of 
therapy (Bruns et al. 2000). However, some studies 
show more rapid reductions in the density of imma- 
ture vessels (Benjamin et al. 1999). Ktrans reflects 
not only tumor vascularity and blood flow, but also 
vascular permeability. The effects observed may 
therefore be due to acute changes in permeability, 
vascularity or even other factors such as the action 
of VEGF on nitric oxide production (He et al. 1999). 
It seems likely, however, that specific targeting of 
immature vessels contributes to rapid enhancement 
changes and the “normalization” of the vasculature 
as proposed by Jain (2005). 

Similar results have been obtained with the 
vascular targeting agent combretastatin A4 phos- 
phate (CA4P) (Galbraith et al. 2003; Stevenson et al. 
2003). DCE-MRI studies were performed to exam- 
ine changes in parameters related to blood flow and 
vascular permeability (K'"*) and the IAUC during 
a 24-h period after treatment with CA4P. Eighteen 
patients in a phase I trial received escalating doses, 
and significant reductions in tumor K"®"S after 
treatment were seen. A similar study of 16 patients 
treated with 5,6-dimethylxanthenone-4-acetic acid 
(DMXAA), an agent that causes vascular shutdown 
in pre-clinical models, in a dose-escalating trial 
(Galbraith et al. 2002b) showed that 9 of 16 patients 
had significant reductions in IAUC 24h after treat- 
ment. 
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Effects on blood flow have also been observed 
with classical chemotherapy agents. DCE-MRI mea- 
surements using Ktrans have been made in 16 pa- 
tients receiving preoperative chemo-radiotherapy 
(George et al. 2001). However in a separate, similar 
trial from the same centre, taxane-based chemo- 
therapy showed no effect (Lankester et al. 2003). 

It is important to know whether chemotherapy 
regimes affect vascularity as seen on DCE-MRI, not 
only to judge DCE-MRI results from chemotherapy 
in combination with anti-angiogenesis agents, but 
also to assess possible anti-angiogenic effects of 
low-dose metronomic chemotherapy. Initial DCE- 
MRI results may also predict response to treatment, 
generally with increased enhancement parameters 
predicting a good response (George et al. 2001; DeVr- 
ies et al. 2001). This may be related to many factors, 
including tumor oxygenation, access of chemother- 
apy, and potential correlation with angiogenesis. 

Cerebral contrast-enhanced T,”-weighted imag- 
ing also proved useful in the brain in 24 patients 
undergoing treatment with carboplatin and thalido- 
mide for malignant gliomas. Cerebral blood volume 
(CBV) maps created for the tumors before and af- 
ter treatment showed marked reduction in patients 
treated with thalidomide and carboplatin in com- 
parison to carboplatin alone. These changes corre- 
lated with efficacy after 1 year (Cha et al. 2000). 


Other Imaging Methods Measuring 
Blood Flow 


40.5.1 
MRI Measures of Tumor Blood Flow Without 
Contrast Media 


For some time, MRI angiography methods have been 
available that can measure flow velocity in large 
blood vessels, but these are of no use in the tumor 
microvasculature. A newer technique, MRI arterial 
spin labeling (ASL), is a perfusion imaging tech- 


nique that involves exciting protons in blood (spin 
tagging) in a well-defined vessel that feeds the organ, 
and then recording the consequent signal change in 
that organ/tumor. This effectively measures tissue 
perfusion using arterial water as the probe. ASL has 
shown correlation with contrast-enhanced methods 
of cerebral blood flow in brain tumors (Warmuth et 
al. 2003). Although this technique has the advantage 
of using no exogenous contrast agent, allowing mul- 
tiple studies to be performed sequentially, the signal 
to noise ratio (SNR) is considerably poorer than with 
contrast-enhanced methods. The available SNR has 
been improved with the introduction of clinical MRI 
scanners operating at a higher magnetic field of 3 
tesla (compared with 1.5 tesla in more common us- 
age) (Wang et al. 2005). In investigational studies, 
the ability to perform multiple sequential measure- 
ments on the same day may allow assessment of the 
perfusion changes over time, particularly in combi- 
nation with pharmacokinetic measurements. 


40.5.2 
Computed Tomography 


Computed tomography has the advantage of be- 
ing widely available and, like T,-weighted MRI, 
shows enhancement of the image with increasing 
concentration of contrast agent, although the vol- 
umes of contrast agent used are much higher with 
CT. Iodinated contrast agents in CT show similar 
distribution to MRI media, i.e. they are extravas- 
cular, extracellular agents with no specific uptake 
mechanism. However, the mechanism of contrast 
in CT is different: the image brightness depends on 
the degree of attenuation of the X-ray beam, and is 
related to the density of the tissue or contrast agent. 
With iodinated compounds, the degree of enhance- 
ment (i.e. increase in attenuation) is proportional to 
the concentration of iodine, making quantification 
straightforward, particularly when measuring arte- 
rial contrast enhancement during bolus injections. 
As for DCE-MRI, “functional” contrast-enhanced 
CT techniques have shown increases in tissue per- 
fusion that may reflect malignancy and stage (Miles 
1999). CT is faster and easier to perform than MRI, 
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with fewer potential artifacts and a higher spatial 
resolution (typically around 0.5 mm). Clinical MRI 
has a resolution in the order of 1-2 mm, although 
pre-clinical MRI can achieve resolutions of a few 
tens of micrometers. This makes CT a more ro- 
bust technique that potentially allows automated 
analysis. Indeed, in one example, a retrospective 
trial was possible in 130 patients with primary lung 
carcinoma showing correlations with VEGF expres- 
sion and microvascular density based on relatively 
straightforward acquisition parameters (Tateishi 
et al. 2002), 

CT has the weakness of potentially poor anatomi- 
cal coverage, which is being solved to some extent by 
multislice spiral technology. Generally, CT contrast 
media are safe, but have a worse side-effect profile 
than standard MRI contrast agents. In particular, 
the “hot flush” that many patients experience can 
make reliable multiple breath-holding protocols for 
dynamic enhancement studies problematic. 

The chief weakness of CT compared to MRI, and 
MRI compared to nuclear medicine, is the low sen- 
sitivity for detecting current clinical contrast agents 
or labeled probe. While CT contrast agents are of- 
ten used in the millimolar concentration range, and 
MRI agents range from millimolar to micromolar, 
nuclear medicine agents are down to true “trace” 
picomolar concentrations. One must therefore be 
careful not to overwhelm the system under investi- 
gation, and the development of new, more targeted 
CT agents is difficult due to potential toxicity. 

Theoretically, since standard CT and MRI con- 
trast agents have similar pharmacokinetics, any 
DCE-MRI findings should be translatable to CT. 
This was demonstrated in a study of the VEGF-spe- 
cific antibody bevacizumab in human rectal can- 
cer, where a rapid antivascular effect was shown by 
DCE-CT (Willett et al. 2004). 

Despite the ease of using CT in clinical applica- 
tions, there is concern about the associated radia- 
tion exposure. The increased risks of radiation from 
a CT scan may seem trivial for many cancer patients; 
however, there are now strict regulations in Europe 
concerning techniques used for research that in- 
volve radiation, but are not of direct benefit to the 
patient. Currently, tumor perfusion studies are not 


of proven benefit to the patient, so these regulations 
make MRI easier to organize in clinical trials, unless 
CT studies can be linked with standard clinical CT 
protocols, 


40.5.3 
Radionuclide Imaging 


Single photon emission computed tomogra- 
phy (SPECT) and positron emission tomography 
(PET) utilize compounds labeled with radioiso- 
topes as molecular probes. Both techniques have 
considerably poorer spatial resolution than CT 
and MRI, but much better sensitivity to low con- 
centrations of tracer. While SPECT uses gamma 
ray emitters, PET uses positron emitters, with the 
annihilation of the emitted positron and an elec- 
tron producing two photons (gamma rays of 512 
keV energy) that travel in almost exactly opposite 
directions. Detection of both these photons allows 
the location of the original positron emission to be 
determined to within a few millimeters. PET has 
advantages over SPECT: it has better spatial reso- 
lution, greater sensitivity to radiopharmaceuticals, 
easier quantification of tissue radiopharmaceutical 
concentration, and biologically important radio- 
pharmaceuticals are easier to manufacture (Alavi 
et al. 2004). Since most SPECT applications (such as 
labeled annexin to image apoptosis) can be adapted 
to PET imaging techniques, this section will concen- 
trate on PET applications. 

A wide variety of simple positron-emitting 
atoms can be created, such as isotopes of oxygen, 
nitrogen, carbon and fluorine (chemically simi- 
lar to hydrogen) and numerous others, without 
changing their chemical and biological proper- 
ties. Since very low concentrations of probe are 
required, pharmacological effect is not usually a 
concern. Unfortunately, PET is not widely avail- 
able, since, in addition to the scanner, on-site (or 
nearby) radiochemistry facilities and a cyclotron 
are needed to generate the short-lived isotopes, 
making it an expensive technique. Quantification 
of the tracer concentration is difficult, due to vari- 
able attenuation of photons from the deep struc- 
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tures, which can make follow-up studies difficult 
(Pomper 2001). 

Despite the expense, PET imaging in oncology 
is becoming standard in some areas. Its main ap- 
plications use the probe 18-fluorodeoxyglucose 
(FDG) as an indirect marker of metabolically ac- 
tive cancer cells. This is a glucose analogue, which 
is transported into cells and undergoes hexokinase- 
mediated phosphorylation. The end product, FDG- 
6-PO4, is not a significant substrate for subsequent 
reactions and is retained in the cell in proportion 
to the rate of glycolysis. Increased metabolism is a 
biomarker for the presence of a tumor, since many 
tumors have high levels of glucose utilization via 
glycolysis rather than oxidative metabolism (War- 
burg effect). The relative specificity for FDG uptake 
by tumors has lead to PET becoming a standard tool 
in the staging of lung cancer, particularly in combi- 
nation with CT scanning, which improves spatial lo- 
calization. Fig. 40.1 shows CT/PET images in a case 


Fig. 40.1a,b, Combined 
CT/PET study showing 
axial CT images with the 
corresponding FDG-PET 
images registered to the 
same slice position. a A 
malignant lung lesion 
with high 'FDG uptake 
on the PET image. b An 
incidental benign granu- 
loma which does not 
show high uptake 


of non-small-cell lung cancer, with no evidence of 
distant spread. 

'SFDG-PET is often used during treatment of tu- 
mors such as lymphoma, and early work has shown 
changes related to prognosis after one cycle of che- 
motherapy (Kostakoglu et al. 2002). Dramatic re- 
sponses have been seen in patients with advanced 
gastrointestinal stromal tumors within days of the 
first dose of the signal transduction inhibitor ima- 
tinib (Gleevec) (Joensuu et al. 2001). 

Using radiotracers, such as H,'50, "CO or C0, 
and dynamic phase (monitoring the concentration 
over time) '*FDG-PET, blood flow and blood volume 
estimations can be made. Water provides perfusion 
information and CO, which binds to hemoglobin, 
gives blood volume information. In order to calcu- 
late flow, tissue and arterial tracer concentration 
measurements need to be made. The methods (and 
the problems encountered) are similar to those de- 
scribed for quantifying DCE-MRI enhancement and 
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are largely based on the principles of Fick and Kety 
(Kety 1951; Anderson and Price 2002), Measurement 
of arterial tracer concentration is difficult for both 
PET and DCE-MRI. Unlike DCE-MRI, however, 
where arterial tracer concentrations can be esti- 
mated based on injection rate, injected volume and 
patient body weight, radionuclide studies require 
that the tracer activity is measured during the scan, 
since it changes over time due to rapid radioactive 
decay. Measurement of arterial tracer activity can 
be determined directly by arterial sampling, or by 
measuring the signal from a region of interest over 
the left ventricle or large arteries such as the aorta. 
PET perfusion studies are complex and may take 
as long as 3h. The half-life of non-!FDG tracers is 
short: for }°O it is 123 s, requiring an on-site cyclo- 
tron facility. Like CT and MRI, the image is made 
of voxels - cuboid volumes each of which has signal 
intensity - and smaller voxels imply better spatial 
resolution. Partial volume effects occur when voxels 
are too large to capture the details of signal intensi- 
ties that change over short distances. These partial 
volume effects may be significant if the tumor size 
is in the order of (or less than) the resolution of the 
scanner (~2 cm). Partial volume effects result in a 
phenomenon called “spill-over” or “spill-in” of sig- 
nal counts from surrounding structures with high 
blood flow, such as the heart and aorta, or within 
areas of relatively high flow, such as liver (Laking 
and Price 2003). 

As for MRI, PET has been used to measure the ef- 
fects of combretastatin A4 phosphate on tumor and 
normal tissue perfusion and blood volume in hu- 
mans. Significant dose-dependent reductions were 
seen in tumor perfusion and tumor blood volume 
within 30 min after dosing, although by 24h there 
was evidence of tumor vascular recovery (Anderson 
et al. 2003). Interestingly, the twofold decrease seen 
in humans was not nearly as dramatic as the eight- 
fold reduction in tumor perfusion seen in rats at 1 h 
or the 100-fold decrease at 6h. This again empha- 
sizes the need to confirm pre-clinical findings in the 
clinic. 

Herbst et al. (2002) imaged primary and meta- 
static lesions serially using H,°O-PET and '*FDG- 
PET to assess changes in tumor blood flow and 


metabolism during treatment with human recom- 
binant endostatin. They showed measurable ef- 
fects on tumor blood flow and metabolism even 
in the absence of demonstrable anticancer effects. 
The data suggest that there is a complex, possibly 
nonlinear, relationship between tumor blood flow, 
tumor metabolism, and endostatin dose. In a study 
of 35 patients with locally advanced breast cancer, 
18EDG and H,'°O-PET imaging before and after 2 
months of chemotherapy were used to assess metab- 
olism and perfusion. Although both resistant and 
responsive tumors had an average decline in meta- 
bolic rate over the course of chemotherapy, resistant 
tumors had an average increase in blood flow. Pa- 
tients whose tumors failed to show a decline in blood 
flow after 2 months of therapy had poorer disease- 
free and overall survival (Mankoff et al. 2003). These 
studies clearly show that measured perfusion is not 
necessarily coupled with metabolism or response. 


40.5.4 
Ultrasound 


Ultrasound imaging is inexpensive, quick to per- 
form and a mainstay in obstetrics and the diagno- 
sis of disease. Ultrasound uses pulses of high-fre- 
quency sound waves (usually between 3 MHz and 
20 MHz) that are transmitted into the body and re- 
flected by the different structures. These echoes are 
detected by a piezoelectric crystal, which turns the 
reflected sound waves into a voltage. The resolution 
of traditional ultrasound depends on the frequency 
used, with higher frequency giving better resolution 
but poorer depth penetration, a problem for high- 
resolution clinical imaging. High-frequency ultra- 
sound may be useful in accessible human tumors 
such as ocular melanoma and skin tumors. The 
imaging of deep structures is also compromised by 
poor accessibility to certain anatomical regions (for 
example, those that are behind bone) and operator 
dependence. Blood flow can be measured by using 
the Doppler shift in the echo frequencies caused by 
movement of the blood. Using pulsed Doppler, this 
information can be displayed as a waveform of vas- 
cular flow velocity at a certain position, while color 
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Doppler gives an image of mean blood flow veloci- 
ties (Fig. 40.2). Power Doppler, on the other hand, 
shows a map of blood flow amplitude, which is use- 
“al for assessing flow in small vessels. Ultrasound 
-nerefore has the potential to provide effective, low- 
Jost, sequential monitoring of vascular changes as- 
sociated with malignant tumors and their response 
70 treatment. 

Non-invasive monitoring of anti-angiogenic ther- 
apy has been performed by serial power Doppler 
end color Doppler ultrasound imaging of pre-clini- 
cal tumors, showing reduction in vascularity with 
‘reatment by anti-vascular and anti-VEGF therapies 
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ig. 40.2a,b, Color and pulsed Doppler 
mages, used to analyze the internal (a) 
and external {b) carotid arteries (ICA, 
ICA). The color Doppler mode allows 
dentification of the vessel How, while 
pulsed Doppler allows waveform analy- 
sis. One parameter, the resistive index, 
can be calculated by comparing the sys- 
tolic peak flow (*) with the end-diastolic 
Jow (=), The end-diastolic how in the 
ICA is higher than in the ECA due to 
‘ower vascular resistance. Changes in 
vascular resistance may be af use in 
monitoring treatment 
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(Drevs et al. 2000). Color Aow Doppler has also 
been used lo characterize superficial solid tumors 
in patients. In a study of 67 patients with mela- 
nomas before surgical excision, high-frequency 
sonography and color Doppler sonography param- 
eters correlated with lumor aggressiveness (Lassau 
et al. 2002). In a further study, tumor vascularity 
index was evaluated with power Doppler US in 44 
patients with advanced hepatocellular carcinoma 
treated with 200-300 mg/day thalidomide. The 
pre-treatment vascularity index was significantly 
higher in responders than in non-responders (Hsu 
et al. 2005). 
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The development of ultrasound contrast agents 
relies on one of the main disadvantages of ultra- 
sound: the fact that ultrasound waves do not travel 
well through air. Any air/soft tissue interface causes 
strong echogenicity, and deeper structures cannot 
be seen. Ultrasound cannot therefore be used to ‘see’ 
through lung, and gas-filled bowel loops can prevent 
successful abdominal imaging. Ultrasound contrast 
media use “microbubbles” of air surrounded by a 
polymer shell, which are intensely echogenic. This 
improves the image of any vascular structure and 
enhances Doppler studies, allowing smaller vessel 
sizes down to 40 pm to be discriminated. Increas- 
ing the energy of the ultrasound pulse, or selecting 
a particular ‘harmonic’ frequency, can also destroy 
these microbubbles. This allows imaging the reap- 
pearance of the microbubbles, reflecting flow into 
the imaged area, and quantification of perfusion 
(Lassau et al. 2001). 

Correlations between ultrasound-derived en- 
hancement parameters and microvascular density 
have been demonstrated in animals (Lassau et al. 
2001). Contrast-enhanced power Doppler ultra- 
sonography has also been used to determine the 
angiogenic status of 21 patients with renal cell car- 
cinoma. The color pixel ratios of selected images 
were calculated as the ratio of the number of pixels 
showing power Doppler signals to the total number 
of pixels within the lesion. A significant correlation 
was found between color pixel ratio and microvas- 
cular density (Kabakci et al. 2005). In 15 patients, 
follow-up examinations after stereotactic, single- 
dose radiotherapy were performed using contrast- 
enhanced ultrasound, showing a significant reduc- 
tion of the arterial vascularization in treated tumors 
(p<0.05) (Krix et al. 2005). 


Discussion of Blood Flow Imaging 


The results described above have caused great ex- 
citement in the field of drug development, because 
they offer the hope not only of establishing a “proof 


of concept” of drug activity with relatively few pa- 
tients, but also of aiding dose selection for phase 
II trials without relying on dose-limiting toxicity. 
There is a problem, however, in that although a pos- 
itive result is reassuring, many promising agents 
have not revealed positive results using PET and 
MRI. Also, initial encouraging findings using these 
tests are no guarantee of later success. Positive re- 
sults in combination therapy in the presence of tox- 
icity may give encouragement for other regimes to 
be explored. In evaluating all biological agents, it 
must be recognized that they affect not only their 
primary target but also the activity of other kinases, 
some known and some possibly unknown. The exact 
mechanism of enhancement reduction is also un- 
clear and may be different for different agents and 
at different times. A positive result from an indirect 
test, therefore, may not relate to the expected activ- 
ity of the agent. Further, there is a danger that effica- 
cious treatments could be dismissed because DCE- 
MRI with standard contrast media is insensitive to 
their mode of action, or their onset of action is too 
slow. The development of new contrast media and 
isotope probes will considerably aid understanding 
of the mechanisms of enhancement reductions. Fur- 
thermore, the facts that endostatin has produced 
measurable effects on tumor blood flow using PET 
but not MRI (Thomas et al. 2003) in the absence 
of tumor regression, and that, as previously stated, 
measures of metabolism do not always couple with 
measures of perfusion provide evidence that dif- 
ferent tumor imaging methods may be required as 
endpoints in different situations. 

There is also no consensus about how MRI or PET 
scans should be performed and how the data should 
be analyzed. Although there is a wealth ofexperience 
in animal models, these sometimes do not help in 
the planning of human trials, since different tumor 
types are often studied, with imaging protocols that 
are not feasible for clinical trials due to potentially 
toxic, unlicensed agents or clinically impractical im- 
aging protocols. Translational imaging studies com- 
paring effects in animals and humans using similar 
regimes do, however, provide information helpful in 
planning and interpreting clinical studies (Galbraith 
et al. 2003; Lee et al. 2006). Reproducibility studies 
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are required to judge the numbers required to obtain 
significant results in trials but also, possibly more 
importantly, to judge the significance of changes 
in the individual patient. Reproducibility varies de- 
pending on the methods employed, but often shows 
a coefficient of variation of approximately 14-20%. 
This implies that such studies should be sensitive to 
treatment changes of approximately 15% if cohorts 
of 10 patients are used. The intra-patient repeatabil- 
ity, which is an indicator of the significance on an 
individual patient’s response, is generally higher, in 
the order of 30-40% (Galbraith et al. 2002a; Evelhoch 
et al, 2004). Technique refinement should improve 
these values in future. 

In DCE-MRI and DCE-PET studies, care must be 
taken not to interpret ‘reductions in enhancement’ 
as an indication that the drug will be delivered less 
effectively to the tissues. In both PET and MRI, a re- 
duction in enhancement may simply relate to a delay 
in achieving maximum tissue concentrations of the 
tracer, due to reducing the perfusion of a tumor or 
vascular permeability. The potential maximum con- 
centration of the tracer in the extravascular space 
may never be achieved due to limited clinical imag- 
ing times, ranging from 5 min to 20 min, and the 
fact that the tracer concentration declines, either 
by renal excretion or owing to the short half-life of 
isotopes, during this time. This is important since, 
during treatment, “steady-state” plasma levels of a 
pharmaceutical compound should be achieved, and 
delays in achieving peak tissue concentration, even 
of several hours, should not be significant. Also, it 
has been suggested that blocking VEGF signaling 
“normalizes” the tumor vasculature by selective de- 
struction of immature blood vessels. A further treat- 
ment effect is lowering the interstitial fluid pressure, 
creating a hydrostatic pressure gradient across the 
vascular wall. This induced pressure gradient may 
actually lead to better delivery of molecules into 
tumors. Thus, anti-VEGF therapy may paradoxi- 
cally improve the access of therapeutic agents to 
cancer cells (Tong et al. 2004). This has been sug- 
gested as a possible mechanism for the successful 
combination of bevacizumab with chemotherapy 
in advanced colorectal cancer (Hurwitz et al. 2005). 
There may be a graded effect of the individual ac- 


tion of the agent, where the initial effect is to reduce 
interstitial pressure resulting in an overall increase 
in chemotherapy delivery, leading eventually to a 
more pronounced anti-vascular effect, where ne- 
crosis actually reduces the effect of chemotherapy. 
Currently most DCE-MRI results are reported as a 
Ktrans value, or possibly IAUC. For agents planned 
to be used with chemotherapy, however, the V, value 
(volume of the extracellular, extravascular space ac- 
cessible to contrast), which gives an indication of 
possible overall chemotherapy delivery, may also be 
important. 


Indirect Tests Not Measuring Blood Flow 


40.7.1 
MR Spectroscopy 


By altering the way in which the signal from hydro- 
gen is measured, the slightly different resonance 
frequency of some common metabolites allows their 
concentration to be estimated (!H-MR spectroscopy). 
With more specialist MRI equipment, metabolites 
containing phosphorus, such as adenosine triphos- 
phate, can also be measured (*!P-MR spectroscopy). 
Measuring the levels of different molecules in 
vivo has considerable appeal, although progress has 
been slow due to the poor sensitivity of the tech- 
nique and, therefore, the limited range of molecules 
that can be studied. Considerable improvement in 
clinical results has been possible with use of in- 
creasing magnetic field strength in commercially 
available MRI scanners. Elevated choline levels are 
detectable by 'H-MRS in cancer and correlate with 
malignancy and cell proliferation in brain tumors 
(Fig. 40.3). This can help diagnose malignancy and 
has particular clinical value in distinguishing radia- 
tion necrosis from recurrent tumor in the brain. 
Although not specifically related to angiogen- 
esis, any technique that shows a measurable differ- 
ence between benign and malignant tissue could be 
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Fig. 40.3. a A T2-weighted MR image of a brain tumor after radiotherapy. The white box represents a region of interest ove 
the brain lesion for study by 1H-MR spectroscopy. b The spectrum obtained, showing high choline (Cho) level in compariso 
to creatine (Cr). The choline level can potentially be used to monitor tumors during treatment 


adapted as a potential test for response to treatment. 
Garwood and colleagues have shown that 'H-MRS 
can demonstrate changes as early as 1 day after 
the commencement of neo-adjuvant breast cancer 
therapy, which are correlated with response after 6 
weeks (Meisamy et al. 2004). 


40.7.2 
Diffusion-weighted MRI 


By using magnetic field gradients, the MRI signal can 
be made sensitive to water motion at the microscopic 
level, with the image brightness decreasing with in- 
creased water mobility. Since water is impeded in 
its random motion by contact with structures such 
as cell membranes, the motion is quantified as an 
“apparent diffusion coefficient” (ADC), in acknowl- 
edgment of the fact that the water diffusivity is mea- 
sured by MRI to be lower than it really is, as a result 
of these interactions. Images that are sensitized in 


this way are used extensively in the clinical inves 
tigation of stroke, being extremely sensitive to th 
changes in water mobility that occur in acute isch 
emia because of cytotoxic edema due to membran 
pump failure, A high ADC value suggestive of necro 
sis has been shown to be a marker of poor respons 
of colorectal tumors to chemotherapy (Dzik-Juras 
2004). There is also increasing interest in this tech 
nique as a method for monitoring necrosis cause: 
by apoptosis, which is a demonstrated result of anti 
angiogenesis treatment, and relevant changes hav 
been shown in animals with the anti-vascular agen 
combretastatin A4 phosphate (Thoeny et al. 2005). 


40.7.3 
BOLD or T,’ Imaging 


A less direct method of assessing vasculatur 
uses intrinsic blood oxygenation level-dependen 
(BOLD) contrast MRI. The BOLD technique use 


Imaging the Effect of Anti-Angiogenic Tumor Therapy in Clinical Studies 


the principle that a heavily T,"-weighted image can 
depict changes in blood oxygenation because of the 
different magnetic properties of oxy- and deoxy- 
hemoglobin. Signal intensities can be affected by 
vasodilatation by pharmacologic agents, or even by 
mental activity (functional brain imaging). Signifi- 
cant T,” decrease has been demonstrated in rat GH3 
prolactinomas after administration of the vascular- 
targeting agent, ZD6126. These occur within 35 min, 
consistent with an ischemic insult induced by vas- 
cular collapse (Robinson et al. 2005). 

T, -weighted imaging may also be useful for map- 
ping vascular maturity, since immature vessels do 
not have smooth muscle activity and do not respond 
to vasodilators. BOLD contrast MRI has been used 
for mapping vascular maturation using the response 
of mature vessels to hypercapnia (inhalation of air 
vs air and 5% CO,) and the response of all vessels 
to hyperoxia [air and 5% CO, vs oxygen and 5% 
CO, (carbogen)]. This may help predict response to 
anti-vascular therapy and can be used in the clinic, 
although breathing carbogen can be unpleasant 
(Taylor et al. 2001). 


40.7.4 
Radionuclide Imaging 


Although '"FDG-PET scans are those most com- 
monly used in clinical oncology, there is increasing 
use of other agents with indirect mechanisms of 
measurement but acting as more specific indica- 
tors. Agents are available that are sensitive to pro- 
grammed cell death (apoptosis), due to affinity to 
phosphatidyl serine, which is externalized on the 
cell wall early in the apoptosis pathway (°?™Tc- 
labeled annexin) and proliferation by 18F-fluoro- 
thymidine (!8FLT-PET). These agents can also show 
some perfusion information in the dynamic phase. 
Detection of programmed cell death (apoptosis) by 
imaging is potentially interesting for assessing ma- 
lignant and benign disorders, since apoptosis medi- 
ates tumor cell and angiogenic vascular endothelial 
cell regression. 

Hypoxia in tumor tissue is also an important 
prognostic indicator of response to either chemo- 


therapy or radiation therapy. Therefore, detection 
of hypoxia in advance of such interventions is of 
importance in optimizing the use and outcome 
of different therapeutic modalities. Furthermore, 
many anti-angiogenic therapies alter oxygen levels 
in tumors. Misonidazole molecules bind in inverse 
proportion to oxygen levels, and [!*F]-fluoromi- 
sonidazole (!SFMISO), or more recently copper-60 
diacetyl-bis(N-methyl-thiosemicarbazone) (6°Cu- 
ATSM), can be used to study hypoxia and changes 
in oxygen status. !8FMISO has been used to quantify 
hypoxia in the rat glioma by PET and may provide 
functional information about the results of anti-an- 
giogenic therapy (Rasey et al. 2000). In 14 patients 
with biopsy-proved cervical cancer, °°Cu-ATSM- 
PET, before initiation of radiotherapy and chemo- 
therapy, showed that the frequency of loco-regional 
nodal metastasis was greater in hypoxic tumors 
(Dehdashti et al. 2003). 

18FLT acts as a marker for proliferation and has 
the potential to be used as a specific agent for as- 
sessing disease activity in various stages of different 
malignancies. 


Specific Angiogenesis Imaging in 
Development 


As wellas observing downstream effects of successful 
treatment, whether specific to angiogenesis (blood 
flow) or simply related to successful treatment at a 
cellular level, there is interest in imaging specif- 
cally to document the effect of treatments on their 
intended site of action. This section will rely mainly 
on pre-clinical in vivo data to speculate about what 
may be achieved in human trials in the future. Im- 
aging will almost certainly rely on contrast media 
or other probes which, to be successful in humans, 
will need to be imaged at very low concentrations. 
Because of this, PET imaging is at the forefront. Due 
to the ability to label molecules with isotopes such 
as oxygen and carbon for PET imaging, it is possible 
to label just about any specific marker. PET studies 
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also have the potential advantage that the treatment 
agent can be directly labeled. This allows direct im- 
aging of drug delivery by ‘micro-dosing’, and che- 
motherapeutic agents, such as '°F-fluorouracil, have 
been synthesized to assess their pharmacokinetics 
and metabolism. The concentration of !®F-fluoroura- 
cil in metastatic colorectal cancer has been correlated 
with patient survival (Moehler et al. 1998). Labeled 
VEGF and other mediators of angiogenesis can also 
be used to predict response to anti-VEGF treatment 
(Collingridge et al. 2002). Direct labeling of the actual 
therapeutic agent can provide crucial information 
for trial design and optimal dosing. In a study of 20 
patients with progressive solid tumors treated with 
various doses of the anti-VEGF antibody HuMV833, 
the agent was labeled with iodine-124. PET showed 
that antibody distribution and clearance were mark- 
edly heterogeneous between and within patients and 
between and within individual tumors (Jayson et al. 
2002). This suggests future trial designs for this type 
of agent that use defined tumor types and potentially 
intra-patient dose escalation. 

Molecular imaging by MRI has been thoroughly 
reviewed elsewhere (Weissleder and Mahmood 2001). 
The main problem is developing a contrast agent that 
can be ‘seen’ by MRI at nanomolar concentrations 
and that can be linked to specific probes. What works 
in animals may not be helpful in humans due to long 
development times and potential toxicity. Pre-clini- 
cal imaging with MRI scanners with much smaller 
access bores allows much higher magnet strengths 
to be achieved (typically six times that of a standard 
clinical scanner), giving greater sensitivity to low con- 
centrations, or better spatial resolution in the range 
of 10-100 um rather than millimeters. Nanoparticles 
composed of a perfluorocarbon emulsion coated 
with a layer of lipid have been developed. (Lanza et 
al. 2002). Linked to the lipid layer of each nanopar- 
ticle are up to 90,000 molecules of gadolinium-DTPA, 
enough to enable detection at low concentrations. 
Into the lipid outer layer, hundreds of homing mol- 
ecules can be added, such as antibodies, peptides, or 
peptidomimetics. By targeting the protein alpha v 
beta 3-integrin, it is possible to detect the immature 
blood vessels that characterize angiogenesis in vivo 
in pre-clinical models (Sipkins et al. 1998). 


An exciting property of MRI contrast media is that 
they are not imaged directly but by their effect on sur- 
rounding water. This means they have the potential 
to be activated by chemical reactions in the body, an 
effect that has been used in imaging gene expression 
in vivo in pre-clinical models. Where a gene trans- 
fer is attempted by a vector, a technique that may be 
used to modify angiogenesis in the future, transduc- 
tion efficiency of the vector can be tested by the inclu- 
sion of a marker enzyme with the vector. The marker 
enzyme’s effect could be to activate the MRI contrast 
agent. Such systems and further different approaches 
have been designed in pre-clinical models (Bremer 
and Weissleder 2001). 

The high sensitivity of ultrasound to microbubble 
contrast means that high-frequency ultrasound sys- 
tems can be designed to be sensitive to a single mi- 
crobubble. As well as microbubbles of air, perfluoro- 
carbon nanospheres, similar to those used in MRI, 
have been developed. Vectorization of these contrast 
agents, in particular with a specific alpha v beta 3-in- 
tegrin monoclonal antibody, directed at endothelium 
in tumor vessels, has already been accomplished in 
pre-clinical models (Ellegala et al. 2003). 

Optical imaging is based on the use of molecules 
that may affect or emit radiation in the visible or 
near-visible spectrum in a variety of ways, includ- 
ing scattering, absorption, and fluorescence. These 
“chromophores” or “fluorophores” may be intrinsic 
to the tissue, or may be administered (Weissleder 
and Ntziachristos 2003). Optical imaging is mainly 
limited to research, but with endoscopic imaging 
technology, fluorescent and bioluminescent probes 
could be seen in clinically relevant sites in humans. 
The inability of light to pass from deep tissues is the 
biggest problem, but optical tomography, using in- 
trinsic hemoglobin concentration (Pogue et al. 2001), 
has successfully been used to detect breast lesions in 
a clinical setting. 

Although these techniques do not immediately 
lend themselves to human studies, the approach 
may be useful in the long term. Whether they are 
translatable to humans remains to be seen, and 
depends on the toxicity of the agents and the abil- 
ity to achieve satisfactory imaging resolution and 
SNR. 
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Conclusion 


This is a continually evolving field, and it is difficult 
to know what the future will bring. What is clear is 
that imaging tests are available that can give useful 
information to aid development of anti-angiogene- 
sis strategies in humans. The good news is that when 
changes are seen in the clinic, they are almost always 
rapid and there are few cases where imaging ‘too 
early’ has failed to see a response. However, what is 
now becoming clear is that the effects of angiogen- 
esis inhibitors on tumor blood flow characteristics 
may not be consistent throughout the treatment 
cycle. In early therapy there may be a paradoxical 
increase in tumor perfusion due to constriction of 
inappropriately dilated vessels. This can then lead 
to reduced perfusion and necrosis as treatment con- 
tinues, making dose selection and dose timing more 
complex. The correct dose for efficacy as a single 
agent may induce necrosis rapidly and therefore 
be higher than the ideal dose in combination with 
chemotherapy. Furthermore, intermittent pulsed 
therapy, by the process of selectively attacking im- 
mature vessels, may paradoxically improve vessel 
growth in the long term. 

Many studies either show or suggest a relationship 
between dose and response or efficacy, although hu- 
man trials are always confounded by heterogeneity 
of patients and tumor types. It is clear that positive 
results may not always correlate with each other or 
with clinical outcome, and there should not be over- 
reliance on the accuracy of any one technique. 

However, when imaging is “successful”, there is a 
danger of attaching too much weight to cases where 
imaging is positive, ignoring tumor types where 
there is no imaging response. This is particularly 
true in comparisons of MRI enhancement changes 
in angiogenesis inhibition. It is reasonable to assume 
that treatment will have a greater (or more rapid) ef- 
fect on metastatic lesions, with high proportions of 
immature, strongly angiogenic blood vessels, than a 
primary tumor. This, however, may divert attention 
froma more subtle but clinically significant response 
in the primary tumor with its larger proportion of 


mature vessels and better perfusion. Variations in 
the effect of angiogenesis treatments may also be due 
to differing levels of natural anti-angiogenic agents. 
In one case, removal of a primary colorectal tumor 
resulted in an increase in metabolic activity in its 
liver metastasis, with a concomitant drop in levels 
of angiostatin and endostatin in urine and plasma, 
respectively (Peeters et al. 2005). The level of these 
factors may well affect the degree of response to be 
expected from biomarker studies. 

Many advances in the past have been made be- 
cause of the observation that something works, 
without prior discovery of the mechanism. Now, 
drugs are being designed to have an effect on spe- 
cific mechanisms. Unfortunately, understanding 
of these mechanisms is incomplete, and designing 
drugs to work perfectly in the test tube is no guaran- 
tee of clinical success. Furthermore, lack of under- 
standing of the specific mechanism is no guarantee 
that it will not work for other reasons. Whilst it will 
always be important to increase understanding of 
mechanisms of action for both imaging and treat- 
ment, a more pragmatic approach is needed in the 
interim. Whether an imaging test is valuable de- 
pends on whether it can be established as a surrogate 
endpoint or biomarker for the desired effect, and 
therefore answer key questions for drug develop- 
ment rather than simply providing interesting data 
(Collins 2003). These questions include: 

e Did imaging help to assess whether the mechanis- 
tic goals were achieved? 

e Did imaging assist dose selection for phase II? 

e Did imaging provide assistance for schedule selec- 

tion for phase II? 

e Can imaging select subpopulations with poten- 
tially greater response? 


This approach has been used in the summary of 
a recent encouraging publication of the efficacy of 
a novel oral angiogenesis inhibitor AG-013736 (Liu 
et al. 2005). 

To achieve further progress, a huge multidisci- 
plinary effort is required to achieve validation and 
standardization of imaging methodology and to 
draw up guidelines to ensure consistent and stan- 
dardized reporting on findings (Leach et al. 2005). 
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Comparison studies to determine which imaging 
methods work best (alone or in combination) should 
be instituted. The pharmaceutical companies could 
play a key role in developing advanced contrast 
agents whose main clinical role may be in the assess- 
ment of novel anti-cancer agents. Pharmaceutical 
companies must also take a translational “bench- 
to-bedside” approach to imaging: pre-clinical de- 
velopment of angiogenesis inhibitors should include 
developing imaging approaches suitable for use in 
subsequent clinical trials. 

With further cooperation and progress, these im- 
aging techniques, as surrogate endpoints for efficacy 
of biological agents, may become as commonplace 
as CT scans for drug development, and may even 
become standard imaging tests for all oncology pa- 
tients. 
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Abstract 


Vandetanib ( ZACTIMA”; ZD6474) is a once- 
daily, orally available agent with potential for 
use in a number of solid tumour types. Van- 
detanib targets key signalling pathways in can- 
cer by inhibiting vascular endothelial growth 
factor receptor (VEGFR)-dependent tumour 
angiogenesis and epidermal growth factor re- 
ceptor (EGFR)-dependent tumour cell growth 
and survival. Vandetanib also inhibits RET 
(rearranged during transfection) kinase activ- 
ity, which is involved in the development of sev- 
eral human diseases, including medullary and 
papillary carcinomas of the thyroid. Preclinical 
studies of vandetanib have demonstrated potent 
inhibition of VEGF- and EGF-stimulated human 
umbilical vein endothelial cell proliferation in 
vitro, as well as dose-dependent inhibition of 
tumour growth in a histologically diverse range 
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Introduction 


Vandetanib (ZACTIMA™; ZD6474) is a once-daily, 
orally available, small molecule with potential for 
use in a number of solid tumour types. It was se- 
lected for further development after demonstrating 
nanomolar inhibition of vascular endothelial growth 
factor receptor-2 (VEGFR-2) tyrosine kinase activity 
in vitro, combined with oral bioavailability and sus- 
tained plasma drug levels in experimental models, 
supporting once-daily oral dosing in vivo (Henne- 
quin et al. 2002). VEGF/VEGFR-2 signalling in tu- 
mour vascular endothelial cells is now recognized as 
a pivotal and rate-limiting step in tumour angiogen- 
esis, and much research has focussed on generating 
novel agents that inhibit this pathway. Vandetanib 
has a unique activity profile that distinguishes it from 
other molecular-targeted agents (Table 41.1). In addi- 
tion to its anti-VEGF signalling, vandetanib is also a 


Table 41.1. Vandetanib kinase selectivity 
(adapted from Wedge et al. 2002) 


Kinase IC; (pM) 


VEGFR-2 (KDR) 0.04 
VEGFR-3 (Flt-4) 0.11 
RET 0.13 
EGFR 0.50 
VEGFR-1 (Flt-1) >1 
PDGER-B >l 
Tie-2 >l 
FGFR1 >l 
MEK >10 
CDK2 >10 
c-Kit >20 
erbB2 >20 
FAK >20 
PDK1 >20 
AKT >100 
IGF-IR >200 


potent inhibitor of the intrinsic tyrosine kinase activ- 
ity associated with epidermal growth factor receptor 
(EGFR) and the oncoprotein RET (rearranged during 
transfection). Aberrant EGFR signalling is a hallmark 
of many solid tumours, leading to increased tumour 
cell proliferation, survival and invasiveness (Harari 
2004). Similarly, constitutively active RET oncopro- 
teins are involved in the development of several hu- 
man neuroendocrine diseases, including medullary 
and papillary carcinomas of the thyroid (Ichihara et 
al. 2004). Consequently, vandetanib offers the possi- 
bility ofinhibiting key signalling pathways in tumour 
growth by (1) targeting tumour growth indirectly, via 
inhibition of VEGF-dependent tumour angiogenesis 
and VEGF-dependent endothelial cell survival, and 
(2) targeting tumour growth directly, via inhibition of 
EGFR- and RET-dependent tumour cell proliferation 
and survival (Fig. 41.1). This chapter summarizes the 
promising activity of vandetanib seen in preclinical 
and clinical studies to date, and considers its future 
use in the treatment of patients with cancer. 


Preclinical Development of Vandetanib 


41.2.1 
In Vitro 


Vandetanib is a novel anilinoquinazoline (Fig. 41.2) 
that acts as a selective and reversible inhibitor of ATP 
binding to VEGFR-2 and -3, EGFR and RET tyrosine 
kinases (Table 41.1), In recombinant enzyme assays 
vandetanib has been shown to be a potent inhibitor 
of VEGFR-2 tyrosine kinase (IC;,=40 nM), with ad- 
ditional activity against VEGFR-3 (IC,)>=110 nM), RET 
(IC;9=130 nM) and EGFR (IC,,=500 nM) tyrosine ki- 
nases. The excellent selectivity of vandetanib for these 
kinases was demonstrated by a relative lack of inhibi- 
tory effect on structurally related receptor tyrosine 
kinases, such as PDGFR-B, c-Kit and erbB2, as well as 
kinases from other families. 
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Fig. 41.1. Vandetanib's 
mechanism of action 
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EGFR inhibition: 

+ Inhibits cell proliferation 

+ Decreases invasion 

+ Promotes apoptosis 

. Inhibits metastasis 

+ Decreases VEGF production 


RET inhibition: 
+ Inhibits cell proliferation 
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VEGFR inhibition: 


+ Inhibits angiogenesis by decreasing endothelial cell proliferation and migration 
+ Inhibits VEGF-dependent endothelial cell survival 


+ Decreases vascular permeability 


The in vitro effects of vandetanib have also been 
investigated in growth factor-stimulated human um- 
bilical vein endothelial cells (HUVECs). Consistent 
with its selectivity profile versus isolated enzymes, 
vandetanib was a potent inhibitor of VEGF-stimu- 
lated HUVEC proliferation (IC,,=60 nM). Vandetanib 
also inhibited EGF-stimulated HUVEC proliferation 
(IC,)=170 nM), but much higher concentrations were 
required to inhibit proliferation induced by basic fi- 
broblast growth factor (IC;,=800 nM) or serum (basal; 
ICs9>3000 nM). 

In addition to its antiproliferative effect on endo- 
thelial cell cultures, vandetanib has also demonstrated 
direct inhibition of tumour cell proliferation/survival 
in various human cancer cell lines that express func- 
tional EGFR, but not VEGFR-2 (Fig. 41.3) (Ciardiello et 
al. 2003; Arao et al. 2004a). The direct inhibitory effect 
of vandetanib on tumour cell growth in vitro in these 
studies is likely to be a consequence of its anti-EGFR 
activity. Indeed, Arao et al observed a strong correla- 
tion between the IC; values for inhibition of tumour 
cell growth in vitro for vandetanib and gefitinib (Ir- 
essa’), a highly selective inhibitor of EGFR signalling 
(Arao et al. 2004a). In the same study, PC-9 cells were 
shown to be hypersensitive to the growth-inhibitory 
effects of vandetanib (IC,,=90 nM). The PC-9 cell line 


is derived from a Japanese female patient with adeno- 
carcinoma of the lung and contains a 15-base-pair de- 
letion mutation in the EGFR gene. This mutation leads 
to expression of EGFR with constitutively active EGFR 
tyrosine kinase that is more sensitive to inhibition by 
vandetanib and gefitinib than wild-type EGFR (Tagu- 
chi et al. 2004; Arao et al, 2004a). In summary, vande- 
tanib can inhibit EGFR-dependent tumour cell growth 
and is more effective against tumour cell lines that are 
highly dependent on EGFR signalling for growth and 
survival, such as certain cell lines harbouring activat- 
ing mutations of the EGFR gene. 
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Fig. 41.2. Structure of vandetanib 
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Vandetanib is also a potent inhibitor of RET tyro- 
sine kinase activity in cells (IC;,=100 nM), and has 
demonstrated selective inhibition of RET-dependent 
thyroid tumour cell growth both in vitro and in vivo 
(Fig. 41.4) (Carlomagno et al. 2002, 2004). Further- 
more, point-mutation studies showed vandetanib to 
be an effective inhibitor of the tyrosine kinase activ- 
ity of both wild-type RET receptor and RET receptors 
harbouring mutations commonly associated with cer- 
tain forms of hereditary and sporadic thyroid carci- 
noma (Carlomagno et al. 2004), 


41.2.2 
In Vivo 


41.2.2.1 
Inhibition of VEGF Signalling, Angiogenesis 
and Vascular Permeability 


The ability of vandetanib to inhibit VEGF-dependent 
signalling and angiogenesis in vivo was confirmed 
using two pharmacodynamic endpoints. In anaes- 
thetized rats, vandetanib reversed VEGF-induced 


—®— Breast (ZR-75-1) 
—®— Ovarian (OVCAR-3) 
—*— Breast (MCF-10A-ras) 


Fig. 41.3. Vandetanib is a direct inhib- 
itor of tumour cell growth (Ciardiello 
et al. 2003) 


NSCLC (Calu-6) 
Colon (GEO) 


—E— Gastric (AGS) 
-~- Gastric (MNK-28) 


hypotension by 63% (P<0.001), but had no signifi- 
cant effect on bFGF-induced hypotension (Wedge et 
al. 2002). During bone growth, the progressive os- 
sification of cartilage cells within the growth plate 
zone is dependent upon VEGF-regulated angiogenic 
invasion of cartilage (Horner et al. 1999). Consistent 
with inhibition of VEGF-dependent physiological an- 
giogenesis, once-daily oral administration of vande- 
tanib inhibited ossification and induced dose-depen- 
dent hypertrophy in femoro-tibial epiphyseal growth 
plates of young growing rats (Wedge et al. 2002). 

A comprehensive series of preclinical studies 
has demonstrated that vandetanib inhibits tumour 
angiogenesis in vivo. Once-daily oral dosing with 
vandetanib produced significant, dose-dependent 
inhibition of tumour-induced blood vessel forma- 
tion following intradermal transplantation of A549 
human non-small-cell lung cancer (NSCLC) cells in 
mice (Wedge et al. 2002). In orthotopic models of 
human gastric (McCarty et al. 2004) and pancreatic 
(Bruns et al. 2003) cancer, vandetanib treatment re- 
sulted in a significant decrease in tumour microvessel 
density, although this was not seen in an orthotopic 
model of glioma (Sandstrom et al. 2004). A notable 
finding in the gastric cancer model was that after ad- 
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Fig. 41.4. Vandetanib: inhibition 2000 
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ministration of vandetanib, the remaining microves- 
sels showed a threefold increase in the percentage of 
pericyte coverage, despite a marked decrease in the 
overall number of tumour endothelial cells (McCarty 
et al. 2004). This may be due to selective effects of 
vandetanib on tumour blood vessels that are not sta- 
bilized by pericyte coverage. These immature vessels 
are characteristic of tumour vasculature and have 
been reported to be highly dependent on VEGF-in- 
duced survival signalling (Gerber et al. 1998). 
Changes in haemodynamic parameters in vivo can 
be measured using dynamic contrast-enhanced mag- 
netic resonance imaging (DCE-MRI). Since VEGF is 
known to enhance vascular permeability (Dvorak et 
al. 1995), several clinical trials of VEGF signalling in- 
hibitors have used DCE-MRI to explore the effects of 
drug treatment on tumour vascular permeability and 
blood flow (Morgan et al. 2003; Willett et al. 2004). The 
acute haemodynamic effects of vandetanib treatment 
have been assessed using this technique in preclini- 
cal models of both human prostate (Checkley et al. 
2003) and colon (Bradley et al. 2004) cancer. In both 
studies, DCE-MRI analysis showed a dose-dependent 
reduction in tumour uptake of the contrast agent 24 


NIH-RET/PTC3 
<3 Vehicle 
A Vandetanib 0.4 mg/day 
E Vandetanib 1.0 mg/day 


Treatment start 


Days after cell injection 


hours after initiation of vandetanib treatment. These 
results are consistent with vandetanib inhibition of 
VEGF-induced hyperpermeability of the tumour vas- 
culature. 


41.2.2.2 
Inhibition of Tumour Growth and Metastasis 


The antitumour activity of vandetanib has been dem- 
onstrated in a range of in vivo preclinical studies, 
including xenograft, orthotopic and metastatic mod- 
els (Table 41.2). Among the models that are sensitive 
to the effects of vandetanib are those with intrinsic 
or acquired resistance to inhibitors of EGFR activ- 
ity. Furthermore, the results of a number of studies 
suggest that combining vandetanib with radiation 
therapy or certain cytotoxic chemotherapy may con- 
fer additional antitumour efficacy. 


Xenograft Models 
In a range of histologically diverse (lung, pros- 


tate, breast, ovarian, colon or vulval) xenograft 
models, chronic once-daily oral administration of 
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Table 41.2. Overview of vandetanib evaluation in preclinical models of cancer 


Lung 


RET- 
activated 


Breast 


Colon 


EGFR- 
inhibitor 
resistant 


Endothelial 
cells 


Gastric 


CNS 


Head and 
neck 
Ovarian 


Pancreatic 


Prostate 


Renal 


Vulval 


Xenograft 


Wedge et al. 
2002; Hoang 
et al. 2004; 
Taguchi et al. 
2004; Williams 
et al. 2004 


Carlomagno 
et al, 2002 


Wedge et al. 
2002; Miller 
et al. 2003 


Wedge et al. 
2002; Ciardi- 
ello et al. 2004; 
Siemann and 
Shi 2004 


Ciardiello 
et al. 2004; 
Taguchi 

et al. 2004 


Damiano 
et al. 2005; 
Rich 

et al. 2005 


Gustafson 
et al. 2004 


Wedge 
et al. 2002 


Wedge 

et al. 2002; 
Nicholson 
et al. 2004 


Wedge 
et al. 2002 


Orthograft 


Wu et al. 
2004a,b; 
Shibuya et al. 
2005; Shintani 
et al. 2005 


McCarty et al. 
2004; Arao et 
al. 2004b 


Leenders 
et al. 2004; 
Sandstrom 
et al. 2004 


Bruns 
et al. 2003 


Drevs 
et al. 2004 


Cancer model 


Metastatic 


Matsumori 

et al. 2003; 

Wu et al. 2004a; 
Shintani 

et al. 2005 


Leenders 
et al. 2004 


Bruns 
et al. 2003 


Spontaneous/ 
carcinogen- 
induced 


Heffelfinger 
et al. 2004 


Goodlad et al. 
2004 


In vitro 


Helfrich 
et al. 2004; 
Briggs 

et al. 2005 


Azzariti 
et al. 2003; 
Troiani 
et al. 2005 


Helfrich 

et al. 2004; 
Briggs 

et al. 2005 


Bradshaw 
and 
Gustafson 
2004 


Combination therapy 


Radiation 


Williams 
et al. 2003; 
Hoang 

et al. 2004; 
Shibuya 

et al. 2005 


Siemann 
and Shi 
2004 


Damiano 
et al. 2005 


ry 


Gustafson 
et al. 2004 


Chemo- 
therapy 


Wu et al. 
2004b 


Azzariti 

et al. 2003; 
Troiani 

et al. 2005 


Bradshaw 
and 
Gustafson 
2004 
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vandetanib at doses of 12.5-100 mg/kg resulted in 
significant, dose-dependent inhibition of tumour 
growth (Fig. 41.5) (Wedge et al. 2002). Other hu- 
man xenograft models in which vandetanib also 
significantly inhibited tumour growth included a 
colon cancer model with acquired resistance to in- 
hibitors of EGFR signalling (Ciardiello et al. 2004), 
and several models of CNS tumour types (Rich et al. 
2005). This broad-spectrum activity of vandetanib 
is consistent with inhibition of VEGF signalling, 
and therefore an indirect (that is, antiangiogenic) 
effect on tumour cell growth. However, depending 
on the tumour type, a direct antiproliferative ef- 
fect on the tumour cells through inhibition of EGFR 
and/or RET tyrosine kinase may also contribute to 
the antitumour activity of vandetanib. A striking 
example of an anti-EGFR mechanism was demon- 
strated in a study using xenografts derived from the 


PC-9 NSCLC cell line, which is known to be highly 
dependent on EGFR signalling for proliferation and 
survival. Vandetanib (12.5-50 mg/kg/day) resulted 
in marked dose-dependent regression of established 
PC-9 xenograft tumours, suggesting that the anti- 
EGFR effects of vandetanib can be an important 
contributing factor to its antitumour activity (Ta- 
guchi et al. 2004). Similarly, vandetanib has dem- 
onstrated significant inhibition of RET-dependent 
tumour growth in vivo (Carlomagno et al. 2002). 


Orthotopic Models 


Vandetanib has also been shown to inhibit tumour 
growth in orthotopic models. Because this type 
of model involves implantation at the anatomi- 
cal site analogous to the tumour origin in man, 
it can be considered to mimic more closely than 
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Fig. 41.5. Vandetanib demonstrates antitumour activity in a range of human tumour xenografts. Adapted from Wedge et 


al. (2002) 
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subcutaneous xenografts the patterns of growth 
and metastasis observed in the natural tumour 
(Taghian and Suit 1999). Marked inhibition of tu- 
mour growth, reduced tumour cell proliferation 
and increased tumour cell apoptosis were observed 
in orthotopic models of glioma (Sandstrom et al. 
2004), and gastric (McCarty et al. 2004) and pan- 
creatic (Bruns et al. 2003) cancer after once-daily 
oral administration of vandetanib. In an orthotopic 
model of NSCLC, almost complete suppression of 
tumour growth was observed in animals receiving 
daily oral dosing with vandetanib (25 or 50 mg/kg) 
(Wu et al. 2004a). 


Metastatic Models 


Metastasis is the leading cause of death in patients 
with cancer, and the growth of metastases (and pri- 
mary tumours) is dependent upon the formation 
of new blood vessels (Folkman 2002). Consistent 
with an antiangiogenic mode of action, vandetanib 
has demonstrated effective inhibition of metastatic 
growth and spread in several preclinical models. In 
a metastatic model of human SCLC, the administra- 
tion of vandetanib caused a significant reduction in 
the frequency of large (>3 mm) metastatic colonies 
in the liver, lymph nodes and bone (Yano et al. 2005). 
Vandetanib has also been shown to inhibit metastatic 
growth in experimental models of liver metastasis 
(Varghese et al. 2003) and NSCLC (Matsumori et 
al. 2003; Wu et al. 2004a). It is interesting to note 
that the metastatic lung cancer models PE14PE6 and 
H226 were sensitive to inhibition by vandetanib, but 
refractory to the selective EGFR inhibitor gefitinib 
(Matsumoriet al. 2003). These results suggest that the 
antimetastatic effects of vandetanib were mediated 
via inhibition of VEGF-dependent angiogenesis in the 
host endothelial cells, and also suggest that vande- 
tanib may provide some benefit in metastatic NSCLC 
that is resistant to EGFR tyrosine kinase inhibitors. In 
a metastatic model of human pancreatic cancer, the 
numbers of lung and lymph node metastases were 
reduced following treatment with vandetanib (Bruns 
et al. 2003). Given that previous studies have shown 
that lymph node metastases in this pancreatic model 
are not sensitive to inhibitors of VEGFR-2 (Bruns et 


al. 2002) or EGFR activity (Bruns et al. 2000), it may be 
that the reduction in lymphatic metastasis observed 
with vandetanib is a consequence of its activity versus 
both VEGFR-2 and EGFR. Alternatively, vandetanib 
may have the potential to inhibit lymphatic metasta- 
sis through inhibition of VEGFR-3 tyrosine kinase 
activity. Collectively, these results demonstrate that 
vandetanib has the potential to inhibit metastasis by 
preventing primary tumour dissemination as well as 
by inhibiting the growth of any secondary tumours 
that have become established. 


Early-stage Disease Models 


Vandetanib has also been used to investigate the po- 
tential role of angiogenesis in early tumourigenesis. 
In multiple intestinal neoplasia (Min) mice, which 
develop spontaneous, early, intestinal adenomas, 
administration of vandetanib (50 mg/kg/day) to 6- 
week-old mice significantly reduced polyp growth 
and number (Wilkinson et al. 2004). Similar results 
were obtained in a 7,12-dimethylbenz[a]anthracene 
(DMBA) model of breast cancer (Heffelfinger et al. 
2004). Initiation of vandetanib treatment 1 week or 6 
weeks after DMBA exposure inhibited the formation 
of mammary tumours by >95%. These data indicate 
that VEGF-dependent angiogenesis is a necessary 
step for progression from a premalignant to a ma- 
lignant phenotype, and that vandetanib may offer a 
strategy for treatment of early-stage disease. 


Combination Therapy 


Several preclinical studies have demonstrated that 
combining vandetanib with certain other anticancer 
strategies can provide additional efficacy (Table 41.2). 
Vandetanib has been shown to significantly enhance 
the effects of radiation therapy in models of human 
lung cancer (Hoang et al. 2004; Williams et al. 2004; 
Shibuya et al. 2005), colon cancer (Siemann and Shi 
2004) and glioblastoma (Damiano et al. 2005). The 
impact of scheduling was examined in Calu-6 lung 
xenografts, and it was shown that the efficacy of ra- 
diation therapy was enhanced with either concurrent 
or sequential administration of vandetanib, but that 
giving vandetanib after radiation therapy was more 
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effective than concurrent treatment (Fig. 41.6) (Wil- 
liams et al. 2004). These data suggest that in the Calu- 
6 xenograft model, achieving an optimal response to 
vandetanib in combination with radiation therapy 
may depend upon the timing of its administration. 
Vandetanib has also been investigated in com- 
bination with certain conventional cytotoxic che- 
motherapy. In a xenograft model of colon cancer, 
combining vandetanib (100 or 150 mg/kg) with pa- 
clitaxel (20 mg/kg) produced a significantly greater 
inhibition of established tumour growth compared 
with either agent alone (Ciardiello et al. 2004). In 
another study, vandetanib was investigated in com- 
bination with SC-236, a selective inhibitor of cyclo- 
oxygenase-2 (COX-2). COX-2 is an inducible enzyme 
that is overexpressed in several tumour types and 
may be involved in promoting angiogenesis and 
tumour growth (Masferrer et al. 2000; Masunaga 
et al. 2000). The effect of simultaneous blockade of 
VEGFR, EGFR and COX-2 signalling pathways was 
examined using vandetanib and SC-236 in colon and 
lung cancer xenografts (Tuccillo et al. 2005). Combi- 
nation treatment with vandetanib and SC-236 pro- 
duced sustained inhibition of tumour growth that 
was greater than the effects of either agent alone. 
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Fig. 41.6. Antitumour 
activity of vandetanib in 
combination with radia- 
tion therapy (Williams et 
al. 2004) 
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Clinical Development of Vandetanib 


41.3.1 
Phase | Evaluation 


Vandetanib has been evaluated in two phase I stud- 
ies of patients with malignant solid tumours refrac- 
tory to standard therapy or for whom no therapy 
exists. One study was conducted at five sites in 
the USA and Australia (n=77; Holden et al. 2005), 
and a second study was conducted in Japan (n=18; 
Minami et al. 2003). The primary objective of both 
studies was to evaluate the safety and tolerability 
of ascending doses of vandetanib (USA/Australia, 
50-600 mg; Japan, 100-400 mg). Secondary objec- 
tives included preliminary assessment of vande- 
tanib antitumour activity and assessment of the 
pharmacokinetic profile of vandetanib. The most 
common tumour type in the USA/Australian study 
was colorectal cancer (n=23). Most of the patients 
recruited to the Japanese study had either NSCLC 
(n=9) or colorectal cancer (n=4). 


Vandetanib+32 Gy Vandetanib+3xX2Gy 5X2 Gy 
(Sequential) (Concurrent) 


3X2 Gy 


RTV, relative tumour volume 4x that at the initiation of therapy 
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41.3.1.1 
Safety and Tolerability 


Adverse events were generally mild (Table 41.3) and 
vandetanib was generally well tolerated at daily oral 
doses up to and including 300 mg. In the USA/Austra- 
lian study, the most common treatment-related adverse 
events were diarrhoea and rash, which appeared to be 
dose related and could be managed by dose reduction, 
treatment withdrawal or supportive care. Asymptom- 
atic QTc prolongation was also noted in seven patients, 
but was not associated with any clinical sequelae. In 
the Japanese study, the most common treatment-re- 
lated adverse events were rash, asymptomatic QTc pro- 
longation, diarrhoea and proteinuria. Asymptomatic 
QTc prolongation was reported at all doses studied, 
with no clear evidence of dose dependency. All adverse 
events in the Japanese study were manageable with 
dose interruption and/or reduction. 


41.3.1.2 
Efficacy 


In the USA/Australian study, there were no objective 
tumour responses and stable disease was reported in 
31 patients (40%). In the Japanese study, a partial tu- 
mour response was observed in four of the nine pa- 
tients with refractory NSCLC. These responses were 
maintained (range 90-438 days) despite subsequent 
reductions in daily dose. 


41.3.1.3 
Pharmacokinetics 


In both phase I studies, plasma concentrations 
of vandetanib increased linearly with dose. Van- 
detanib was extensively distributed, with a long 
half-life that was supportive of once-daily oral dos- 
ing. The half-life of vandetanib was estimated to 
be greater than 120h in the Western study (dose 
range 50-600 mg) and between 90 hand 115 hin the 
Japanese study (dose range 100-400 mg). No differ- 
ences in the pharmacokinetic profile of vandetanib 
were observed between Japanese and USA/Austra- 
lian patients (Fig. 41.7). The plasma levels of vande- 
tanib attained in these patients are consistent with 
achieving pharmacologically relevant inhibition of 
VEGFR-2, EGFR and RET signalling. 


41.3.1.4 
Metabolism and Pharmacodynamics 


The effect of food on the intrasubject variability 
of vandetanib pharmacokinetics was examined in 
healthy subjects (Smith et al. 2005). There was no 
clinically significant effect of food on the absorption 
characteristics of vandetanib, and it was concluded 
that vandetanib could be taken with or without food. 
Because the CYP3A4 isoenzyme is likely to contrib- 
ute to the metabolism of vandetanib, a study was 
conducted in healthy subjects to assess the effect 


Table 41.3. Common adverse events? in phase I studies of vandetanib 


USA/Australian study 


Adverse event n=77 (grade 3/4) 


Rash 45 (4) 
Diarrhoea 27 (4) 
Nausea 15 (0) 
Fatigue 14 (1) 
Hypertension 14 (4) 
Anorexia 10 (0) 


Japanese study 


Adverse event n=18 (grade 3) 


Rash 14 (0) 
QTc prolongation? 11 (0) 
Diarrhoea 10 (1) 
Proteinuria 10 (0) 
Hypertension 7 (4) 


‘Irrespective of causality. "Asymptomatic and manageable with dose interruption and reduction 
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of itraconazole, a potent inhibitor of CYP3A4, on 
the bioavailability of vandetanib (Smith et al. 2006). 
The results indicated that concomitant use of van- 
detanib with CYP3A4 inhibitors will not result in a 
clinically meaningful pharmacokinetic interaction. 
In a similar population, the potential for a phar- 
macodynamic interaction between vandetanib and 
ondansetron was investigated. Ondansetron, a 5- 
HT? antagonist known to prolong the QTc interval, 
is widely used for chemotherapy-induced emesis. 
Co-administration of vandetanib and ondansetron 
did not result in greater than additive effects on 
QTc prolongation, and any potential cardiovascu- 
lar effects are unlikely to be exacerbated with their 
concomitant use (Hammett et al. 2005). 


41.3.2 
Phase II/III Evaluation 


41.3.2.1 
Non-Smail-Cell Lung Cancer 


The preliminary evidence of efficacy observed in 
patients with NSCLC during phase I evaluation led 
to the initiation of a series of two-part, randomized, 
double-blind, multicentre phase II trials to inves- 
tigate the efficacy of vandetanib in patients with 
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advanced NSCLC. In all three studies, patients with 
squamous cell histology were eligible to enter, and 
brain metastases were permitted if treated at least 
4 weeks before entry and clinically stable without 
steroid treatment for 1 week. 


Vandetanib Versus Gefitinib 


Vandetanib monotherapy was compared with gefi- 
tinib in patients with locally advanced or metastatic 
(stage IIIB/IV) NSCLC after failure of first-line + 
second-line chemotherapy, either of which could 
be platinum-based, because of toxicity or tumour 
progression (Natale et al. 2006). Patients received 
once-daily oral doses of vandetanib 300 mg (n=83) 
or gefitinib 250 mg (n=85) until disease progression 
or toxicity (part A), with an option to switch to the 
alternative treatment after a washout period of 4 
weeks (part B; Fig. 41.8). The dual primary objec- 
tives in part A were assessments of progression-free 
survival (PFS) and safety/tolerability. The study met 
its primary efficacy objective, with vandetanib dem- 
onstrating a significant prolongation of PFS versus 
gefitinib: median PFS was 11.0 weeks for vandetanib 
and 8.1 weeks for gefitinib [hazard ratio 0.69 (95% 
CI 0.50-0.96); P=0.025]. The randomized phase of 
the study was designed to have a >75% power to 
detect a 33% prolongation of PFS at a significance 
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level of P<0.2. A significance level of 0.2 (rather than 
0.05) was used since the trial was designed to as- 
sess whether vandetanib shows sufficient promise 
to warrant further investigation. The adverse-event 
profile of vandetanib was similar to that seen in 
previous trials, and included diarrhoea, rash and 
asymptomatic QTc prolongation. There was no 
significant difference in overall survival between 
patients initially randomized to either vandetanib 
or gefitinib (median survival 6.1 and 7.4 months, 
respectively). The switch-over design of the study 
potentially confounds interpretation of this second- 
ary endpoint. 


Vandetanib with Docetaxel Versus Docetaxel Alone 


The efficacy of vandetanib plus docetaxel (astandard 
therapy for the treatment of second-line NSCLC) 
has been compared with docetaxel alone in patients 
with locally advanced or metastatic (stage IIIB/IV) 
NSCLC after failure of first-line platinum-based che- 
motherapy (Fig. 41.9). An initial open-label, run-in 
phase evaluated once-daily doses of vandetanib 
(100 or 300 mg) with docetaxel (75 mg/m? i.v. infu- 
sion every 21 days) for any potential acute toxicities 
and pharmacokinetic interaction (Heymach et al. 
2004). The results of the run-in phase confirmed 
that the combination regimen was generally well 
tolerated and not associated with clinically signifi- 
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* Study designed to have a >75% power to detect a 33% prolongation of 
progression-free survival at a significant level of P<0.2 


Fig. 41.8. Vandetanib versus gefitinib: a two-part, random- 
ized, double-blind, multicentre phase II study 


cant changes in exposure to either drug. A partial 
tumour response is shown in Fig. 41.10. 

Following the run-in phase, a different popula- 
tion of patients was recruited into the double-blind, 
randomized phase to receive vandetanib 100 mg plus 
docetaxel (n=42), vandetanib 300 mg plus docetaxel 
(n=44), or docetaxel alone (n=41) (Heymach et al. 
2006). The primary objective of the randomized 
phase was to determine whether once-daily oral 
vandetanib (100 or 300 mg) plus docetaxel prolonged 
PFS versus docetaxel alone. The randomized phase 
of the study was designed to have a >75% power to 
detect a 50% prolongation of PFS at a significance 
level of P<0.2. A significance level of 0.2 (rather 
than 0.05) was used since the trial was designed to 
assess whether vandetanib shows sufficient prom- 
ise to warrant further investigation. Combined use 
of vandetanib and docetaxel prolonged PFS com- 
pared with docetaxel alone (Table 41.4). Vandetanib 
100 mg plus docetaxel demonstrated a significant 
improvement in PFS compared to docetaxel alone. 
Vandetanib 300 mg demonstrated a numerical ad- 
vantage in PFS compared to docetaxel alone but 
the difference did not reach statistical significance. 
Overall survival data were immature at the time of 
PFS analysis. The adverse event profile was consis- 
tent with that reported in previous studies. Com- 
mon adverse events included diarrhoea, rash and 
asymptomatic QTc prolongation, all responding 


Run-in phase Randomized phase* 
Vandetanib 100 mg 
Docetaxel 75 mg/m? 

n=42 


Vandetanib 100 mg 
Docetaxel 75 mg/m? 
n=4 


Vandetanib 300 mg 


Docetaxel 75 mg/m? 
n=44 


Vandetanib 300 mg 
Docetaxel 75 mg/m? 
n=11 


Placebo 
Docetaxel 75 mg/m? 
n=41 


* Study designed to have a >75% power to detect a 50% prolongation of 
progression-free survival at a significant level of P<0.2 


Fig. 41.9. Vandetanib plus docetaxel versus docetaxel: a 
two-part, randomized, double-blind, multicentre phase II 
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Post-treatment 


Pre-treatment 


Fig. 41.10. CT evaluation of a tumour response seen in pa- 
tient after receiving yandetanib (300 mg/day) and two 21- 
day cycles of docetaxel (75 mg/m?) 


to dose interruption and/or reduction or standard 
management. No fatal episodes of haemoptysis or 
any CNS haemorrhage adverse events were reported 
in patients receiving vandetanib. The encouraging 
efficacy results obtained with vandetanib 100 mg 
plus docetaxel supported the decision to initiate 
phase III evaluation of this combination (versus 
docetaxel alone) in second-line NSCLC. 


Vandetanib with Carboplatin and Paclitaxel 


The efficacy of vandetanib alone and in combination 
with carboplatin and paclitaxel as first-line therapy is 
being assessed in an ongoing study of patients with 
locally advanced (stage IIIB) or metastatic (stage IV) 
NSCLC (Fig. 41.11) (Johnsonetal. 2005). A 21-daysafety 
run-in phase was conducted initially to establish the 
appropriate dose of vandetanib to be administered in 
combination with carboplatin and paclitaxel: subjects 
received daily oral doses of vandetanib (200 mg or 
300 mg) in combination with paclitaxel (200 mg/m? 
iv.) and carboplatin, which was dosed to achieve a 
target AUCss of 6 mg/ml'min. Combination treatment 
was generally well tolerated, without evidence of mu- 
tually additive toxicity, and did not appear to result 
in changes in exposure to vandetanib. Based on the 
results of the run-in phase, patients recruited into the 
double-blind, randomized component of the study 
received vandetanib 300 mg alone, carboplatin and 
paclitaxel alone, or vandetanib 300 mg in combina- 
tion with carboplatin and paclitaxel. 


Run-in phase Randomized phase 
206474 200mg Z06474 300 mg 


Paclitaxel 200 mg/m? 
Carboplatin AUC 6 mg/mi-min 
n=15 


n=100 (planned) 


206474 300 mg | 

Paclitaxel 200 mg/m? 

| Carboplatin AUC 6 mg/mimin 

| n=50 (planned) 

Placebo | 

Paclitaxel 200 mg/m? 

Carboplatin AUC 6 mg/mimin 

n=50 (planned) 


706474 300 mg 
Paclitaxel 200 mg/m? 
Carboplatin AUC 6 mg/ml min 
n=10 


Fig. 41.11, Vandetanib with carboplatin and paclitaxel as 
first-line treatment for NSCLC: a two-part, randomized, 
double-blind, multicentre phase IT study 


41,3.2.2 
Medullary Thyroid Cancer 


The clinical activity of once-daily oral vande- 
tanib (300 mg/day) is currently being evaluated in 
an ongoing, open-label, single arm, phase II study in 
patients with unresectable, measurable, locally ad- 
vanced or metastatic hereditary medullary thyroid 
cancer (Wells et al. 2006). As of November 2005, 16 
patients had received treatment with vandetanib 
(300 mg/day). Encouragingly, the majority of pa- 
tients have shown marked reductions in circulating 
levels of calcitonin and objective tumour responses 
have been reported in 3 of 15 evaluable patients. 


41.3.2.3 
Other Tumour Types 


To date, the safety and clinical potential of vande- 
tanib monotherapy has also been evaluated in phase 
II trials of patients with advanced breast cancer and 
multiple myeloma. In the breast cancer study, 46 
patients with heavily pretreated metastatic breast 
cancer received once-daily vandetanib therapy at a 
dose of 100 mg or 300 mg (Miller et al. 2004), vande- 
tanib was generally well tolerated, with an adverse 
event profile similar to that seen in other studies. No 
objective responses were seen, suggesting that van- 
detanib may have limited activity as monotherapy 
in patients with refractory metastatic breast cancer. 
Vandetanib monotherapy has also been investigated 
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Table 41.4, Progression-free survival with vandetanib plus docetaxel versus docetaxel alone in previously treated NSCLC 


Docetaxel (n=41) 


Hazard ratio versus docetaxel alone - 
95% CI - 
P value - 


Median progression-free survival (weeks) 12 


Vandetanib 100 mg + 
docetaxel (n=42) 


Vandetanib 300 mg + 
docetaxel (1=44) 


0.64 0.83 

0.38, 1.05 0.50, 1.36 
0.074 0.461 

19 17 


in 18 patients with relapsed pretreated multiple my- 
eloma. Treatment with vandetanib 100 mg p.o. daily 
demonstrated that treatment was generally well tol- 
erated in this population, but no tumour responses 
were observed (Kovacs et al. 2006). 

An ongoing SCLC study of vandetanib 300 mg 
versus placebo is recruiting patients who have previ- 
ously experienced a complete or partial response to 
induction chemotherapy with or without radiation 
therapy. In addition to assessing the effect of van- 
detanib maintenance therapy on disease progres- 
sion, any correlation between outcome and tumour 
VEGER expression and microvascular density will 
be investigated. 


41.3.2.4 
Summary of Phase II/III Evaluation 


As part of an ongoing clinical development pro- 
gramme, the efficacy of vandetanib, alone and in 
combination with standard chemotherapy regi- 
mens, continues to be investigated in a range of 
tumour types. Key phase II studies and phase III 
studies are summarized in Table 41.5. 


Conclusions and Future Perspectives 


Vandetanib is a once-daily oral agent that selectively 
targets key signalling pathways in cancer by inhib- 
iting VEGFR-dependent tumour angiogenesis, and 
EGFR- and RET-dependent tumour cell proliferation 


and survival, The relative contribution of VEGFR, 
EGFR and RET tyrosine kinase inhibition to the in 
vivo antitumour activity of vandetanib remains to 
be determined, but direct antitumour effects may 
be particularly important in cancers that are highly 
dependent on EGER or RET tyrosine kinase activity 
for continued proliferation and survival. Ligand-de- 
pendent activation of EGFR in cancer cells results in 
the increased expression and secretion of VEGF and 
other proangiogenic factors (Goldman et al. 1993; 
Gille et al. 1997). Conversely, inhibition of EGFR- 
dependent signalling in tumour cells can lead to a 
reduction in VEGF production and hence, inhibition 
of angiogenesis (Ciardiello et al. 2001). Furthermore, 
VEGF overexpression has been shown to occur in 
human tumour cells following efficient blockade of 
EGFR activity (Viloria-Petit et al. 2001; Ciardiello 
et al. 2004). This ‘compensatory’ upregulation of 
VEGF may be an important mechanism in tumours 
that have acquired resistance to inhibitors of EGFR 
activity, and available data suggest that vandetanib 
may be an effective treatment in this disease setting 
(Ciardiello et al. 2004). 

In addition to its nanomolar inhibition of VEGFR- 
2 in vitro, vandetanib is also a potent inhibitor of 
VEGFR-3 tyrosine kinase activity in isolated en- 
zyme assays. Expression of VEGFR-3 in vivo is con- 
sidered to be limited to lymphatic endothelial cells, 
but there is increasing evidence from experimental 
models that VEGFR-3 and its ligands VEGF-C and 
VEGF-D may be involved in regulating lymphan- 
giogenesis (Jussila and Alitalo 2002) and promot- 
ing lymph node metastasis (Schietroma et al. 2003; 
Kurahara et al. 2004; Zeng et al. 2004; Suzuki et al. 
2005). Determining the relevance of VEGFR-3 tyro- 
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sine kinase inhibition to the pharmacological profile 
of vandetanib will require additional in vitro and in 
vivo studies. 

In preclinical studies, vandetanib has demon- 
strated potent inhibition of VEGF-induced endo- 
thelial cell proliferation and tumour-induced an- 
giogenesis, and a direct antiproliferative effect on 
tumour cells through inhibition of EGFR and/or 


RET signalling. Once-daily oral dosing with vande- 
tanib had significant antitumour effects in a histo- 
logically diverse range of xenograft, orthotopic and 
metastatic tumour models, and also enhanced the 
efficacy of radiation therapy and certain cytotoxic 
chemotherapy. 

Phase I and phase II studies in a broad population 
of patients with cancer show vandetanib to be gener- 


Table 41.5. Overview of key phase II and phase III trials of vandetanib 


Tumour type Vandetanib Status? 
dose (mg/day) 
Phase II 
Second-/third-line NSCLC: vandetanib versus 300 Complete - vandetanib demonstrated a 
gefitinib (64741L0003) significant improvement in progression-free 
survival versus gefitinib 
Breast cancer: two vandetanib dose cohorts 100 or 300 Complete - vandetanib therapy generally well 
(64741L0002) tolerated. 
No clinical benefit determined 
Multiple myeloma: single arm (6474IL0004) 100 Complete - vandetanib therapy generally well 


Medullary thyroid cancer: single arm (6474IL0008) 300 . 


tolerated. 
No clinical benefit determined 


Ongoing - preliminary data show sustained 
reduction in plasma levels of the tumour 
marker calcitonin 


SCLC: vandetanib versus placebo (6474IL0005) 300 Ongoing 
Glioma: single arm (phase 1/11) Dose Recruiting 
escalation 
First-line NSCLC: vandetanib versus carboplatin + 300 Completed recruitment 
paclitaxel versus combination (64741L0007) 
Second-line NSCLC: vandetanib + docetaxel versus 100 or 300 Complete - vandetanib 100 mg plus docetaxel 
docetaxel (64741L0006) demonstrated a significant improvement in pro- 
gression-free survival versus docetaxel alone 
Phase III 
Second-line NSCLC: vandetanib + docetaxel versus 100 Recruiting 
docetaxel (64741L0032) 
Refractory NSCLC: vandetanib versus placebo in 300 Open 
patients previously treated with anti-EGFR therapy 
(64741L0044) 
Refractory NSCLC: vandetanib versus erlotinib 300 Open 


(64741L0057) 


4As of June 2006 
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ally well tolerated, with a pharmacokinetic profile 
supportive of once-daily oral dosing. Vandetanib 
met its primary endpoint in two phase II studies in 
patients with recurrent NSCLC, demonstrating im- 
proved PFS as monotherapy versus gefitinib and in 
combination with docetaxel versus docetaxel alone. 
A phase III, randomized, double-blind, multi-cen- 
tre study to assess the efficacy of vandetanib plus 
docetaxel second-line NSCLC has been initiated, 
and the clinical development plan for vandetanib 
also includes investigations in other NSCLC settings 
as well as other tumour types, including medullary 
thyroid cancer. Indeed, based on the preliminary 
evidence of activity in medullary thyroid cancer, the 
US Food and Drug Administration has granted van- 
detanib orphan drug designation for the treatment 
of patients with follicular, medullary, anaplastic, and 
locally advanced and metastatic papillary thyroid 
cancer. Similarly, the European Medicines Agency 
(EMEA) has recently confirmed vandetanib orphan 
drug designation for the treatment of patients with 
medullary thyroid cancer in the European Union. 

In conclusion, vandetanib has potential for use in 
a number of solid tumour types. Early clinical eval- 
uation of vandetanib has demonstrated a promising 
efficacy and safety profile, both as a single agent and 
in combination with other anticancer strategies. 
The results of preclinical, translational and clinical 
investigations currently in progress are keenly an- 
ticipated. 
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Abstract 


Angiogenesis, the process responsible for the 
formation of new blood vessels, is an integral 
part of both normal development and tumor 
growth and metastasis. The switch of endothe- 
lial cells from a quiescent phenotype to a pro- 
angiogenic phenotype requires the upregula- 
tion of endogenous angiogenic factors such as 
the growth factors FGF2 and VEGF and the 
downregulation of endogenous inhibitors of 
angiogenesis such as endostatin and tumsta- 
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tin. Analysis of the co-ordination between 
growth factors and components of the extra- 
cellular matrix in the regulation of angiogen- 
esis has highlighted the role of the integrins 
(e.g. avB3, avß5 or &5ß1) in the process. This 
has been demonstrated by the anti-angiogenic 
effects of monoclonal antibody and small- 
peptide av integrin antagonists in particular, 
in preclinical studies. This in turn has led to 
the development of av integrin antagonists as 
new targeted anti-cancer therapies and their 
investigation in clinical trials. 
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Introduction 


It is now accepted that tumor angiogenesis is essen- 
tial for the growth and metastasis of solid tumors 
(Kerbel and Folkman 2002), Initiation of angiogene- 
sis facilitates the rapid growth of the primary tumor 
and increases the chance that tumor cells will enter 
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the circulation and begin the process of forming 
metastases at different sites. Thus, angiogenesis is a 
critical step in ongoing tumor progression. 

The process of angiogenesis involves multiple fac- 
tors and cell types and is reliant on signaling mol- 
ecules and receptors, across a variety of cell types, 
working in concert (Carmeliet 2003; Folkman 1992; 
Kerbel and Folkman 2002; Marmé 2003). Tumor cells 
begin the process of angiogenesis early in the pro- 
cess of tumor formation. The “angiogenic switch” 
(Folkman and Hanahan 1991; Hanahan and Folk- 
man 1996), which converts quiescent endothelial 
cells to an active pro-angiogenic phenotype, is asso- 
ciated with the oncogene-driven tumor expression 
(Rak et al. 2000) of pro-angiogenic proteins such as 
vascular endothelial growth factor (VEGF), basic fi- 
broblast growth factor (FGF2), interleukin-8 (IL-8), 
platelet-derived growth factor (PDGF), placenta-like 
growth factor (PLGF), transforming growth factor- 
B (TGEF-B), and platelet-derived endothelial growth 
factor (PD-EGF) (Kerbel and Folkman 2002). In ad- 
dition, tumor hypoxia can activate tumor hypoxia- 
inducible factor 1-œ (HIF-1a@), which induces the 
upregulation of several angiogenic factors (Maxwell 
et al. 1997). Fibroblasts in or near the tumor are also 
responsible for the secretion of pro-angiogenic fac- 
tors such as FGF2 and VEGF. 

However, angiogenesis depends not only on 
growth factors and their receptors but also on endo- 
thelial cell interactions with the extracellular matrix 
(ECM). Adhesion to the ECM is primarily mediated 
by integrins, and evidence from various experi- 
mental systems demonstrates the importance of 
integrin-mediated cell adhesion in coordinating the 
growth factor signaling events responsible for cell 
proliferation and migration (Stupack and Cheresh 
2002). Integrins interact directly with growth factor 
receptors to create integrin-growth factor receptor 
complexes which are responsible for downstream 
signaling. 

VEGF is the most extensively studied of the an- 
giogenic growth factors, and cross-talk between 
VEGF, its receptors and av3 integrins is known 
to co-ordinate certain of the key angiogenic pro- 
cesses (De et al. 2005). The a1, a2 and B3 integrin 
subunits are known to modulate VEGF/VEGFR 


signaling (Hong et al. 2004; Reynolds et al. 2004), 
while VEGF is known to control the functional ac- 
tivity of avB3 integrins (De et al. 2005). The inte- 
grin avB3 has been proposed as 'the gatekeeper’ of 
VEGF-mediated processes (De et al. 2005) and has 
been shown to regulate the production of VEGF in 
tumor cells that express it (De et al. 2005). Further- 
more, it is becoming increasingly clear that integ- 
rins (possibly all integrins) can act to some degree as 
bidirectional signaling receptors inducing changes 
in protein activity or gene expression in response to 
ligand binding, with the concomitant modulation of 
cell adhesion (Hynes 2002). Indeed, integrins act as 
signal transduction receptors that are just as impor- 
tant to the cells as traditional growth factor recep- 


tors. 


Integrins 


Integrins are a family of heterodimeric, transmem- 
brane glycoproteins comprising at least 18 œ subunits 
and 8 B subunits (Brakebusch et al. 2002; Giancotti 
and Ruoslahti 1999). Different combinations of these 
œ and B subunits dimerize non-covalently to form 
approximately 24 different receptors with distinct 
specificities in terms of their ECM ligands and distinct 
functions (Hynes 2002). Of the wide spectrum of inte- 
grin subunit combinations that are expressed on the 
surfaces of activated endothelial cells and tumor cells, 
the integrin avß3 has been identified as a receptor for 
a wide variety of ECM ligands expressing the RGD (ar- 
ginine-lysine-aspartame) tripeptide motif, namely 
vitronectin, fibronectin, fibrinogen, thrombospon- 
din, proteolyzed collagen, von Willebrand factor and 
osteopontin (Eliceiri and Cheresh 1999, 2000). Integ- 
rins are recognized as important transmembrane cell 
surface receptors for the transduction of positional 
cues from the ECM to the intracellular signaling path- 
ways. These signals include elevation of intracellular 
pH and calcium levels, inositol lipid synthesis, and 
phosphorylation of a number of non-receptor tyrosine 
kinases such as focal adhesion kinase (FAK) and src 


kinases, as well as adapter proteins shc, p130 CAS and 
Crk 11. These events in turn trigger downstream sig- 
naling (Fig. 42.1). Interestingly, many of the signaling 
pathways and effectors activated by integrin binding 
are also activated following growth factor stimulation, 
suggesting that there may be some synergy between 
the responses. Antagonists of the integrins avB3 and 
cvB5 and others such as œ5ß1 are known to block 
both growth factor- and tumor-induced angiogen- 
esis in animal models, inducing tumor regression 
(Brooks et al. 1994a,b; Kim et al. 2000a; Kumar et al. 
2000). In addition, there is considerable preclinical 
evidence that endogenous components of the ECM 
such as endostatin (O'Reilly et al. 1997; Sudhakar 
et al. 2003), angiostatin (O'Reilly et al. 1994), throm- 
bospondin (Good et al. 1990), canstatin (Kamphaus 
et al. 2000; Petitclerc et al. 2000), arresten (Colorado 
etal. 2000) and tumstatin (Maeshima et al. 2000, 2002; 
Petitclerc et al. 2000; Sudhakar et al. 2003) can sup- 
press integrin-mediated angiogenesis. Members of the 
integrin class of cell adhesion molecules therefore ap- 
pear to play a key role in endothelial cell survival 
and migration in relation to vascular development 
(Table 42.1). 
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Fig. 42.1. Integrin-medi- 
ated angiogenesis path- 
ways 
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42.3 
Integrins and Angiogenesis 


Integrins are involved in the cell-cell and cell-ECM 
interactions that take place during the growth of new 
blood vessels (Buerkle et al. 2002; Eliceiri and Cheresh 
1999). To date, 9 of the 24 known integrin heterodi- 
mers have been implicated in angiogenesis (Serini et 
al. 2006). These are œ&1ß1, 0261, 0381, 0481, a5ß1, 
avi, avB3, avB5, avB8 and 0684 (Serini et al. 2006). 
Historically, most of the data have pointed to the role 
of av integrins in angiogenesis, in particular avB3, 
which, as stated previously, is capable of interacting 
with a variety of ECM proteins, and ovB5, a receptor 
for vitronectin only, as major players in angiogenesis. 
The integrin avB3, which is not normally expressed 
on epithelial cells and only minimally on intestinal, 
vascular and uterine smooth muscle cells, has been 
shown to be expressed on vascular cells during an- 
giogenesis and vascular remodeling. It has also been 
shown to be significantly upregulated during tumor- 
induced angiogenesis on the chick chorioallantoic 
membrane (CAM), on vascular cells within human 
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Table 42.1. Summary of integrin-mediated growth factor responses in model systems 


Growth Integrin Response 

factor 

PDGF avp3 Proliferation, migration 
FGF2 avp3, 0581 Angiogenesis, migration 
VEGF avps Angiogenesis 

VEGF avs, avß3, B1 Adhesion migration 
VEGF 0281; o1B1,avB3 Angiogenesis, migration 


tumors and in response to specific growth factors, 
namely FGF2 and tumor necrosis factor-a (TNF-a) 
(Brooks et al. 1994b; Kumar et al. 2000). The an- 
giogenic growth factors FGF2 and VEGF have been 
shown to induce angiogenesis through two distinct 
signaling pathways which are inhibited by antago- 
nists of avB3 and av5 integrin respectively (Fried- 
lander et al. 1995). These pathways can be further 
distinguished by their sensitivity to an inhibitor of 
protein kinase C (PKC) which blocks avB5- but not 
avB3-mediated angiogenesis (Friedlander et al. 1995). 
These data are consistent with the observations that 
ovB5-mediated cell motility is dependent on a PKC- 
dependent signaling pathway (Eliceiri and Cheresh 
1999; Eliceiri et al. 1999; Klemke et al. 1994). Also, 
inhibition of src kinase or PKC specifically disrupts 
VEGF-induced angiogenesis but not FGF2-induced 
angiogenesis. Furthermore, the avB3 and avB5 inte- 
grins contribute differently to sustained Ras-extra- 
cellular signal-related kinase (Ras-ERK) signaling 
in blood vessels (Hood et al. 2003), accounting for 
specific but distinct vascular responses during two 
pathways of angiogenesis. The growth factor recep- 
tors or integrins recruit adaptor proteins and nuclear 
exchange factors that convert Ras to a GTP-bound 
form, leading to recruitment of c-Raf to the cytoplas- 
mic membrane, where it is activated. More specifi- 
cally, FGF2-induced phosphorylation of c-Raf on ser- 
ine 338 by p2l-activated kinase (PAK) leads to c-Raf 
translocation to the mitochondria and endothelial 
cell survival in the presence of apoptotic stress, while 
VEGF-induced Src kinase-mediated phosphorylation 
of c-Raf on tyrosines 340/341 leads to endothelial cell 


Reference(s) 


Schneller et al. 1997 


Friedlander et al, 1996; 
Kim et al. 2000b 


Friedlander et al. 1995 
Byzova et al. 2000b 
Senger et al. 1996, 1997 


survival in response to receptor-mediated apoptosis 
(Alavi et al. 2003). 

However, although inhibitors of avB5 do not af- 
fect FGF2-induced angiogenesis, inhibitors of avB3 
can inhibit up to 50% of VEGF-induced angiogenic 
activity, which is consistent with the observation, in 
vitro, that VEGF can promote avf3- and avB5- and 
Bl-mediated endothelial cell adhesion and migration 
(Byzova et al. 2000b; Senger et al. 1997). The integ- 
rin &5ß1 and its ligand fibronectin have been shown 
to be overexpressed on the blood vessels of human 
and mouse tumors (Kim et al. 2000a), while integ- 
rin-linked kinase (ILK), which is associated with the 
integrin B1, has also been shown to have a specific 
role in integrin-ECM interactions and endothelial 
cell survival (Friedrich et al. 2004), as has the integ- 
rin heterodimer 0481 (Garmy-Susini et al. 2005). In 
turn, the integrins 0.181 and &2ß1 have been shown 
in model systems in vitro and in vivo to be involved in 
VEGF-induced signaling, cell migration and tumor 
angiogenesis (Senger et al. 2002). Thus, angiogenesis 
is regulated by signals derived from both growth fac- 
tor receptors and ECM molecules and there is consid- 
erable evidence of cross-talk between integrins and 
growth factor receptors. 


42.4 
Integrin-Growth Factor Receptor and 
Integrin-Integrin Cross-Talk 


The integrin avB3 co-immunoprecipitates with 
both VEGFR-2 and the PDGF receptor (PDGFR) 


(Borges et al. 2000; Byzova et al. 2000a). Several 
recent studies suggest that homodimers and het- 
erodimers of VEGFR-1 and VEGFR-2 can propa- 
gate distinct signals in cultured porcine and hu- 
man endothelial cells (Huang et al. 2001; Kanno 
et al. 2000; Rahimi et al. 2000), and have shown 
VEGFR-2 activation to play a positive role in angio- 
genesis by promoting endothelial cell proliferation 
in vitro in porcine endothelial cells (Rahimi et al. 
2000). Conversely, VEGFR-1 activation antagonizes 
the VEGFR-2 responses, inhibiting endothelial cell 
proliferation. 

Although av integrins clearly play a critical role 
in angiogenesis, recent studies of integrin-growth 
factor receptor cross-talk provide an insight into 
the roles of other integrins, and their receptors and 
ligands, in the process. As stated previously, o161, 
2B] integrins are involved in VEGF signaling. An- 
tagonists of a1B1 and &2ß1 integrins are known 
to block VEGF-induced angiogenesis (Senger 
et al. 1997), while antagonists of avB3 or 0581 block 
FGF2- but not VEGF-induced angiogenesis, sug- 
gesting that the integrins avB3 and a5ß1 regulate 
similar angiogenesis pathways (Kim et al. 2000b). 
However, in an example of integrin-integrin cross- 
talk, 051 ligation potentiates avB3-mediated mi- 
gration but not avB3-mediated cell adhesion (Kim 
et al. 2000b). There is also evidence of B3 and a5B1 
integrin ligation during cell adhesion (Eliceiri and 
Cheresh 2001), while recently B1 integrins have 
been shown to promote random migration, whereas 
B3 integrins have been shown to promote persistent 
migration in the same epithelial cell background 
(Danen et al. 2005). 

However, although integrins and growth factor 
receptors promote coordinated signaling activities, 
the mechanisms appear to be manifold (Fig. 42.1), 
and are as yet unclear. One can propose that pro- 
angiogenic growth factors stimulate the expression 
of the av and the other integrins involved in an- 
giogenesis, causing cells to invade the surrounding 
ECM and proliferate. When the ligation of these 
pro-angiogenic integrins is blocked by integrin 
antagonists, the proliferating vascular endothelial 
cells undergo apoptosis, accompanied by an in- 
crease in p53 activity. 
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Integrins as Targets for Cancer Therapy 


The integrins, as outlined above, are involved in 
a plethora of interactions with growth factors, 
growth factor receptors and other molecules 
such as the matrix metalloproteinases MMP2 and 
MMP9 (Boger et al. 2001; Hamano et al. 2003; 
Kessler et al. 2002; Silletti et al. 2001), respon- 
sible for the regulation of key angiogenic signaling 
pathways (Fig. 42.1). Modulation of the balance 
between pro- and anti-angiogenic factors holds 
great promise in the treatment of cancer, and an- 
tibody and small-peptide inhibitors of the av in- 
tegrins have been shown to inhibit endothelial cell 
adhesion and migration, induce endothelial cell 
apoptosis and in some cases induce tumor regres- 
sion in preclinical models (Brooks et al. 1994b, 
1995; Carron et al. 1998; Kerr et al. 2000, 2002; 
MacDonald et al. 2001; Stromblad and Cheresh 
1996). 

In addition, anti-angiogenic therapy offers sev- 
eral potential advantages over standard cytotoxic 
chemotherapy as an approach to cancer treatment, 
due in large part to the relative genetic stability 
of the target endothelial cells compared with the 
tumor cells, Also, because most of the adult vas- 
culature is relatively quiescent compared to tu- 
mor vasculature, the potential for adverse events 
with anti-angiogenic therapy is significantly re- 
duced. Finally, the very specific, targeted nature 
of anti-angiogenic therapy means that there is 
no mechanistic overlap with the standard thera- 
peutic approaches used for cancer. Consequently, 
anti-angiogenic strategies may be very effective 
when used in combination with cytotoxic che- 
motherapy, radiotherapy, hormonal therapy and 
even immunotherapy. In addition, high levels of 
integrin ovB3 expression are associated with sev- 
eral invasive tumor types such as glioma, prostate, 
melanoma and breast cancer (Brooks et al. 1994a; 
Hood and Cheresh 2002; Seftor 1998). Thus, any 
agents that can block the integrins, on activated 
tumor endothelial cells or on integrin-expressing 
tumor cells, are candidate therapeutic agents. 
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Inhibitors of Integrin-mediated 
Angiogenesis as Potential Therapeutic 
Agents 


In tumor-initiated angiogenesis, one of the first 
steps of tumor development is usually the secretion 
by the tumor of pro-angiogenic factors, such as FGF2 
and VEGF, the pro-angiogenic effects of which are, 
to a large degree, av integrin-dependent. 


42.6.1 
Importance of av Integrins in Angiogenesis: 
Preclinical Studies of Anti-angiogenic Agents 


Some of the agents used to define some of the path- 
ways of angiogenesis outlined above have them- 
selves the potential to become anti-tumor agents, 
as evidenced by the data from model systems (Ta- 
ble 42.2). The chick CAM model is classically used 
to study the stimulation and inhibition of angio- 
genesis. In the CAM system an anti-o.vB3 monoclo- 
nal antibody (MAb), LM609, blocked angiogenesis 
induced by FGF2, tumor necrosis factor-a, and 
human melanoma fragments, but had no effect on 
pre-existing vessels (Table 42.2). In support of this 
observation, Brooks et al., using the same LM609 
MAb, showed av3 integrin to be expressed on 
blood vessels in human wound granulation tis- 
sue, but not in normal skin (Brooks et al. 1994a). 
ovB3 integrin expression increased fourfold dur- 
ing FGF2-induced angiogenesis in the chick CAM 
system. However, anti-avĝ5 and anti-§1 antibodies 
failed to block FGF2-induced angiogenesis in the 
same system (Brooks et al. 1994a, 1994b), suggest- 
ing that these integrins are not induced by FGF2. 
The above findings were supported by Fried- 
lander et al. (1995), who showed the anti-avB3 
MAb LM609 and an anti-avB5 MAb (P1F6)} to block 
FGF2- and VEGF-induced ocular angiogenesis in 
the rabbit, respectively (Table 42.2). To confirm 
these results, the experiment was repeated in the 
chick CAM system using FGF2, VEGF and the addi- 
tional pro-angiogenic agents TNF-a, transforming 


growth factor-a (TGF-a) and the tumor promoter 
phorbol myristate acetate, and showed that angio- 
genesis induced by FGF2 or TNF-a was dependent 
on &vß3 integrin, whilst angiogenesis induced by 
VEGF, TGF-a@ or a phorbol ester tumor promoter 
was dependent on the integrin avB5. A cyclic pep- 
tide (RGDfV/EMD 66203) specific for bothintegrins, 
as predicted, blocked both pathways and inhibited 
angiogenesis induced by both FGF2 and VEGF. 
Furthermore, Brooks et al. (1994b) had previously 
shown the same cyclic peptide (RGDf V/EMD 66203) 
to block angiogenesis, which led to the regression of 
human tumors transplanted on to the chick CAM, 
as a consequence of the selective peptide-induced 
apoptosis of the proliferating endothelial cells. The 
pre-existing quiescent vessels were unaffected. The 
cyclic peptide RGDfV/EMD 66203 was also shown 
to inhibit retinal neovasculature in a mouse model 
of hypoxia-induced neovascularization (Hammes 
et al. 1996) These studies were the first to show the 
potential of integrins as therapeutic targets and in- 
tegrin antagonists as potential therapeutic agents. 
In addition, another dual avB3 and av§5 integrin 
antagonist, SCH22153, has been shown to inhibit 
FGF2-induced angiogenesis and the tumor growth 
of melanoma cells injected into severe combined 
immunodeficient (SCID) mice (Kumar et al. 2001). 

However, the first evidence of the potential of 
integrins as therapeutic agents in a ‘human tumor 
situation’ was provided by a SCID mouse-human 
model system with transplanted full-thickness 
human skin containing implanted human breast 
tumor cells (MCF cell line) (Brooks et al. 1995). 
The growing breast tumor cells induced a human 
angiogenic response as a consequence of the fact 
that they were in a human endothelial cell envi- 
ronment, confirmed by immunohistochemical 
(IHC) analysis using the LM609 MAb that targets 
human ov3 integrin. In turn, the intravenous 
administration of the LM609 antibody either pre- 
vented tumor growth or markedly reduced tumor 
cell proliferation. IHC analysis also showed that 
the LM609-treated tumors had a lower microves- 
sel density and were less invasive than the tumors 
in the corresponding untreated control animals 
(Brooks et al. 1995). Using a panel of six human 


Table 42.2. Summary of integrin antagonist activity in preclinical model systems 


Angiogenesis/tumor model 


systems 


Chick CAM 


Chick CAM 


Chick CAM 

Ocular angiogenesis 

Mouse retina 

Rat aortic ring 

SCID mouse human breast cancer 
Nude mouse 

Melanoma and solid tumor cell 
lines 


Glioblastoma, medulloblastoma 


Melanoma 
Epidermoid, glioma, prostate 


Breast cancer 


Integrin antagonist 


Integrin target 


Integrins: Targets for Anti-Angiogenic Therapy 


Reference(s) 


LM609 MAb avB3 Brooks et al., 1994a, 
1994b 

LM609 MAb avp3 Friedlander et al. 1995 
Cyclic peptide RGDfV/EMD66203 avp3 
P1F6 

avB5 
Cyclic peptide RGDfV/EMD66203 avp3 Brooks et al. 1994b 
LM609 MAb avp3 Friedlander et al. 1995 
Cyclic peptide RGDFV/EMD66203 avp3 Hammes et al. 1996 


CNTO 95 av integrins Trikha et al. 2004 
LM609 MAb avB3 Brooks et al. 1995 
17E6 MAb avp3 Mitjans et al. 2000 
LM609 MAb avp3 

EMD121974 (cilengitide) avB3, avp5s 

EMD121974 (cilengitide) av3, avß5 MacDonald et al. 2001; 


CNTO 95 
$247 plus RT 
EMD121974 (cilengitide) plus RIT 


av integrins 
avp3 
avp3, avß5 


Taga et al. 2002 
Trikha et al. 2004 
Abdollahi et al, 2005 
Burke et al. 2002 


melanoma cell lines (Table 42.3), the human pan- 
av-blocking MAb 17E6, which recognizes only hu- 
man av integrins, blocked the in vivo growth of 
tumors derived from xenografts of human mela- 
noma cells expressing the avB3 integrin in nude 
mice, but not that of cvB3-negative tumor cells, in 
a dose-dependent manner (Mitjans et al. 2000). The 
cyclic RGD pentapeptide EMD 121974 (cilengitide) 
was also inhibitory for the most metastatic mela- 
noma cell line, WM164 (Mitjans et al. 2000). The 
LM609 MAb, directed against both chick and hu- 
man avB3 integrin, described in previous studies, 
was less effective than 17E6 in blocking tumor cell 
growth at identical doses. A control antibody 1D7 
(anti-B3) was completely inactive, despite binding 
to the same receptor. 


The pan-av-blocking MAb 17E6 was also tested 
for its role in inhibiting the growth of a variety of 
avB3-negative human solid tumor cell lines with 
different patterns of av integrin expression (Ta- 
ble 42.4). 17E6 failed to block the growth of tumors 
derived from the ovB3-negative HT29 colon, NP18 
pancreatic and MDA-MB-231, ZR75 and MCF-7 
breast cancer cell lines in a mouse model system. 
These results clearly suggested that œvß3 is the 
only av integrin that is essential for the develop- 
ment of human malignant melanomas and that 
the other integrins on melanomas play only a sec- 
ondary role, confirming the potential therapeutic 
value of inhibitors or antagonists of ovB3 integrin 
in the treatment of malignant melanoma. Further- 
more, since 17E6 does not recognize murine avB3 
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Table 42.3. Human melanoma cell lines used to assess the 
potential of anti-cv integrin therapy 
Reference 


Cell line av Integrin 


expression 


WM164 avp3 Mitjans et al. 2000 

M21 avp3 Cheresh and Klier 1986 
M21-L avp3 negative | Cheresh and Klier 1986 
SKMel28 avß3 Mitjans et al. 2000 
A375 avB3 Mitjans et al, 2000 
KS-IMM_ avß3 Albini et al. 1997 


integrin the inhibitory effects on melanoma tumor 
growth were due to the direct anti-tumor activity of 
the integrin inhibitor and not the anti-angiogenic 
effects of inhibition of avB3 integrin. Thus, in the 
human clinical situation one might predict that the 
17E6 and RGD peptide anti-tumor activities might 
be increased still further, with angiogenic human 
endothelial cells also a target (Mitjans et al. 2000). 

In addition to the evidence of inhibition of mel- 
anoma cells described above, in a separate study 
cilengitide, which targets both human avB3 and 
ovB5 integrin, was shown to induce apoptosis in 
human brain medulloblastoma and glioblastoma 
cell lines and suppress the growth of brain tumors 
following transplantation into nude mice (Mac- 
Donald et al. 2001; Taga et al. 2002). CNTO 95, the 
first fully human antibody to human qv integrins, 
has been shown to inhibit human melanoma cell 
adhesion, migration and invasion in vitro, to com- 
pletely inhibit angiogenesis in a rat aortic ring an- 
giogenesis assay, and to inhibit human melanoma 
xenograft tumors in nude mice (Trikha et al. 2004). 
The endogenous angiogenesis inhibitor tumstatin, 
the NC1 domain of the «3 chain of type IV collagen, 
has also been shown to mediate its anti-angiogenic 
and tumor-inhibitory properties via avB3 integrin 
in a variety of model systems (Hamano and Kalluri 
2005; Sudhakar et al. 2003; Sund et al. 2005). 


42.6.1.1 
av-Integrin-Targeting Agents in Combination with 
Other Treatment Modalities 


Cilengitide has been shown to synergize with radio- 
immunotherapy (RIT) to increase the anti-tumor 
efficacy above that observed with either agent alone 
in a human breast cancer (HBT 3477) tumor model 
in nude mice (Burke et al. 2002). Interestingly the 
avB3 integrin antagonist alone did not alter tumor 
growth when compared with untreated mice, but 
when administered in combination with yttrium- 
90-labeled DOTA-peptide ChL6 MAb resulted in 
significantly more cures (44% vs 22%) than for RIT 
alone (p=0.02). Cyclic peptide in combination with 
RIT resulted not only in a significantly increased 
tumor uptake of the radiolabeled antibody but also 
in increased tumor and endothelial cell apoptosis 
concomitant with reduced tumor cell proliferation 
(Burke et al. 2002). Furthermore, this therapeutic 
advantage was achieved in the absence of an increase 
in RIT-induced toxicity, which indicates the true po- 
tential of such integrin-targeted therapy. 

These observations were consistent with those 
reported for cilengitide in mouse tumor model sys- 
tems, established by subcutaneous injection of co- 
lon cancer, melanoma and neuroblastoma cell lines, 
where regression of the implanted tumors was seen 
only when the integrin antagonist was combined 
with an antibody-cytokine fusion protein (ch14.18- 
IL2 or huKS1/4-IL-2) (Lode et al. 1999). Each thera- 
peutic strategy when applied alone achieved at best 
a growth delay. Mice treated with the integrin an- 
tagonist cilengitide showed a 50% reduction in mi- 
crovessel density in the tumor. Also, in addition 
to inhibition of the implanted tumor, sequential 
administration of the two agents induced a 1.5- to 
2-log decrease in hepatic metastases compared to 
control mice in a murine neuroblastoma model sys- 
tem, again providing evidence of strong synergy 
between anti-angiogenic treatment strategies and 
immunotherapy (Lode et al. 1999). Thus, taken to- 
gether, these preclinical data clearly suggest that 
av integrin antagonists can be favorably combined 
with standard and other therapies for the treatment 
of localized tumors. 
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Table 42.4, Human tumor cell lines used to assess the potential of anti-cv integrin therapy 


Cell line Tumor origin 
HT29 Colon 

NP18 Pancreas 
MDA-MB-231 Breast 

ZR 75 Breast 

MCF-7 Breast 


The concurrent administration of the small-mol- 
ecule, RGD-based, synthetic peptidomimetic ovB3 
integrin antagonist $247 (Harms et al. 2004; Shan- 
non et al. 2004) and radiotherapy has been shown to 
enhance the anti-angiogenic and anti-tumor effects 
of radiotherapy in human prostate, glioma and epi- 
dermoid tumor xenografts in nude mice (Abdollahi 
et al. 2005). In vitro studies in human vascular endo- 
thelial cells (HUVECS) and human microvascular 
endothelial cells (HDMECs) showed that radiation 
increased &vĝ3 integrin expression in a dose-de- 
pendent manner and $247 significantly inhibited 
HUVEC cell adhesion to vitronectin. In separate 
assays S247 was shown to inhibit HUVEC cell pro- 
liferation and migration and these anti-proliferative 
and anti-migratory effects were shown to be signifi- 
cantly enhanced by radiation. In vivo, in nude mice, 
$247 monotherapy and radiation monotherapy in- 
duced significant delays in tumor growth. However, 
the administration of radiation with concurrent 
$247 resulted in a significantly greater delay in tu- 
mor growth and was accompanied by a decrease in 
tumor vessel growth (Abdollahi et al. 2005). 

One of the mechanisms proposed was that ra- 
diation induces an upregulation of avB3 integrin 
expression in endothelial cells, leading to the phos- 
phorylation of Akt, which may provide the tumor 
with an escape mechanism from radiation-induced 


crv Integrin expression Reference 


cvB3 negative Kraft et al. 1999 
avB5 positive 


avé positive 


Villanueva et al. 
1998 


avB3 negative 
ovB5 positive 
avp6 negative 


avB3 low level expression Meyer et al. 1998 


avB5 positive 


avB3 negative Meyer et al. 1998 


avB5 positive 


avß3 negative Meyer et al. 1998 


cvB5 positive 


apoptosis. In the presence of the integrin antagonist 
$247, Akt phosphorylation is inhibited and apopto- 
sis is no longer blocked (Fig. 42.1). 


42.6.2 
Importance of Integrin 0.581 in Angiogenesis: 
Preclinical Studies of Anti-Angiogenic Agents 


Although qv integrins clearly have a critical role to 
play in angiogenesis, it seems that other integrin 
receptors and their ECM ligands may also regulate 
the angiogenic process. There is evidence that the 
integrin 0581 and its ligand fibronectin are upregu- 
lated on blood vessels in human colon and breast 
tumor biopsies (Kim et al. 2000b). Angiogenesis in- 
duced by FGF2, TNF-a and IL-8, but not VEGF, was 
blocked by a variety of antibodies to the cellular 
binding domain of fibronectin (Kim et al. 2000b). 
Furthermore, addition of fibronectin or a proteolytic 
fragment of fibronectin to a chick CAM system en- 
hanced angiogenesis in an «581-dependent fashion. 
Antibody, peptide and novel non-peptide antago- 
nists of 0581 blocked angiogenesis induced by FGF2, 
but not VEGF, in a human model of angiogenesis 
in SCID mice. Integrin 0581 was also shown to be 
essential for tumor growth and tumor angiogen- 
esis in the CAM assay. Taken together, these results 
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demonstrate a potential role for antagonists of &5ß1 
integrin in the inhibition of tumor growth and an- 
giogenesis. 

Collectively, the data presented in this review 
chapter support the potential of integrin antago- 
nists as therapeutic agents (Table 42.5), and several 
are now in clinical development. 


Ney 


Integrin Antagonists in Clinical 
Development 


The platelet glycoprotein GPIIb/IIIa (aIIbB3) an- 
tagonist C7E3 (abciximab, Reo Pro) was the first 
integrin antagonist approved for use in the clinic 
and was designed to reduce the risk of ischemic 
complications following vascular surgery (Coller 
1997). Significantly, it provides “proof of principle” 
for the development of other integrin antagonists 
for use in other clinical indications. 

Among the specific mechanism-oriented targets 
proposed for anti-angiogenic therapy, the avB3 in- 
tegrin and the VEGFs stand out. The VEGFs appear 
to be the main endothelial growth factors with high 
specificity for endothelial cells (Claffey and Robin- 
son 1996), and avB3 integrin is the only integrin 
known to be expressed and upregulated with high 
selectivity on proliferating endothelial ceils. Also, 
avß3 integrin is expressed on few other cell types 
except for tumor cells, smooth muscle cells and 
osteoclasts (Brooks et al. 1994a; Max et al. 1997). 
Considering the degree of redundancy of the endo- 
thelial growth factors postulated to participate in 
the initiation of tumor angiogenesis (Harris 1997), 
the av integrins, particularly avB3 integrin, may 
represent even more attractive therapeutic targets 
than VEGFs, because endothelial cells critically 
depend on these integrins irrespective of the spe- 
cific growth factors used to initiate the angiogenic 
process. Based on these findings, different integrin 
antagonists are in clinical development. 


42.7.1 
Cilengitide 


Cilengitide, a salt of the homodetic, cyclic, RGD, 
low-molecular-mass pentapeptide cyclo-[Arg-Gly- 
Asp-DPhe-(NMeVal) (Merck KGaA, Darmstadt, 
Germany) is already being investigated in the clinic 
in several different oncology indications, e.g. re- 
current glioma, pancreatic cancer, prostate cancer, 
malignant melanoma, and others. In clinical trials 
cilengitide is administered as a 1-h intravenous in- 
fusion. It has an ICs for the inhibition of avB3 inte- 
grin receptor binding to vitronectin of 2 nM and an 
IC; for avB5 integrin receptor binding of 120 nM. 
In a phase I study in 37 patients with histologi- 
cally or cytologically confirmed solid tumors refrac- 
tory to standard treatment or for which no standard 
therapy was available, cilengitide was administered 
at a starting dose of 30 mg/m? (Eskens et al. 2003). 
Subsequent dose escalation was based on the phar- 
macokinetic data and the toxicities encountered. 
The dose levels studied were between 30 mg/m? and 
1600 mg/m? in groups of three to six patients. Non- 
hematological toxicities were mild and never ex- 
ceeded grade 2. Pharmacodynamic analysis showed 
there to be a tendency towards a correlation between 
levels of VEGF, sFLT-1, sTIE-2 and clinical outcome. 
Prolonged disease stabilization was seen in two pa- 
tients with renal cell carcinoma (164 days for each 
patient) and one patient with colorectal carcinoma 
(168 days) (Eskens et al. 2003). These data demon- 
strated quite clearly that the avB3 and avß5 integrin 
antagonist cilengitide could be administered safely 
as palliative therapy to a range of cancer patients, 
with only mild non-hematological toxicity. 
Subsequently, phase I trials and a phase II trial 
were conducted in patients with malignant gliomas 
and pancreatic cancer, respectively. A phase I trial in 
52 assessable patients with recurrent gliomas at dose 
levels of between 120 mg/m? and 2400 mg/m’, and 
six to seven patients per group, showed cilengitide 
to demonstrate minimal toxicity. Two patients dem- 
onstrated complete response (CR), three patients, 


Table 42.5. Angiogenesis inhibitors that target integrins 


Inhibitor 


Arresten 


Canstatin 


RGDfV 


Cilengitide 
(EMD 121974) 


Endostatin 
(Endostar [rh- 
endostatin, 
YH-16]) 


Tumstatin 
LM609 
Vitaxin 
Abciximab 
(ReoPro) 


CNT095 


SB-267268 
SCH 221153 
SU015 
TA138/RP747 
$247 


17E6 


Volciximab 


Class of agent 


Natural inhibitor of 


angiogenesis 


Natural matrix-derived 
inhibitor of angiogenesis 


Cyclic peptide 


Cyclic RGD pentapeptide 


Natural inhibitor of 
angiogenesis (Recombi- 
nant endostatin) 


Natural inhibitor of 
angiogenesis fragment of 


type IV collagen 
IgGl MAb 


Humanized LM609 mono- 


clonal antibody 


MAb 


Human pan-cv integrin 


MAb 


non-peptidic antagonist 


Peptidomimetic 


Tetraaza cyclic peptide 


RGD-based peptidomi- 


metic 


Human pan-qv integrin 


MAb 


Human 581 integrin 


MAb 


Integrin target 


0161, 281 


avB3, avßĝ5 


avis 
avp3, avß5 


a5B1 


avp3 


Vitronectin/avB3 
complex 


avB3 
GP Ib/ILa, avB3 


av integrins 


avB3, avß5 
avB3, avß5 
avp3, avß5 
avp3 
avp3 


Pan-av 


a5Bi 
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Reference 


Colorado et al. 2000 
Kamphaus et al. 2000 


Friedlander et al. 1995 
Eskens et al. 2003; Raguse et al. 2004; Smith 2003? 


Sudhakar et al. 2003; Sun et al. 2005; Wickstrom et 
al. 2002? 


Maeshima et al. 2000, 2002 


Cheresh 1987 
Gutheil et al. 2000a 
EPILOG 1997 
Jayson et al. 2004? 


Wilkinson-Berka et al. 2006 
Kumar et al. 2001 

Mousa 2005 

Mousa et al. 2005 
Reinmuth et al. 2003 


Mitjans et al. 2000 


http://www.pdl.com/applications/pipeline. 
cfm?navid=54 
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partial response (PR) and four patients, stable dis- 
ease (SD) (Nabors et al. 2004). Correlative biology 
analyses included perfusion MRI and plasma analy- 
sis for angiogenic factors. A statistically significant 
relationship was observed between tumor cerebral 
blood flow (CBF) and clinical response of any kind 
(Akella et al. 2004; Nabors et al. 2004). These data 
were considered to be encouraging in an aggres- 
sive tumor type for which there are few treatment 
options and led to a randomized phase II trial of 
cilengitide in patients with recurrent glioblastoma 
multiforme following failure of first-line therapy. In 
addition to this study the National Cancer Institute 
(NCI) in the US is sponsoring a number of trials, in- 
cluding a phase II trial of cilengitide in combination 
with rituximab and a phase I/II trial of cilengitide 
in combination with radiation therapy and temo- 
zolamide in patients with newly diagnosed glioblas- 
toma multiforme. A phase II trial is also under way 
in patients with recurrent glioblastoma multiforme 
undergoing surgery for recurrent or progressive dis- 
ease (www.clinicaltrials.gov/). 

Meanwhile, a randomized phase II trial of cilen- 
gitide plus gemcitabine versus gemcitabine alone in 
89 patients with advanced unresectable pancreatic 
cancer showed the combination of cilengitide and 
gemcitabine to be well tolerated with no adverse ef- 
fects on the safety, tolerability and pharmacokinet- 
ics of either agent. Cilengitide was administered at 
600 mg/m? twice weekly for 4 weeks and gemcitabine 
at 1000 mg/m? for 3 weeks followed by a week of rest 
per cycle. The planned treatment period was six 4- 
week cycles. The median overall survival was com- 
parable between the treatment groups: 6.7 months 
for cilengitide and gemcitabine and 7.7 months for 
gemcitabine alone. The median progression-free 
survival times were 3.6 months and 3.8 months, 
respectively. The overall response rates were 17% 
and 14%, and the tumor growth control rates were 
54% and 56%, respectively. There were therefore no 
clinically important differences regarding efficacy, 
safety and quality of life between patients receiving 
cilengitide and gemcitabine or gemcitabine alone. 

However, the combination may have value for 
the treatment of other disease sites, and cilengit- 
ide (600 mg/m?) in combination with gemcitabine 


administered on days 1 and 8 every 3 weeks for 5 
months was shown to arrest the growth of a heav- 
ily pretreated squamous cell carcinoma of the head 
and neck, at fourth relapse, which had its origin 
in the upper left jaw (Raguse et al. 2004). The pa- 
tient remained stable for 12 months on cilengitide 
maintenance therapy, demonstrating the clinical ef- 
ficacy of cilengitide in a highly vascularized tumor. 
Other ongoing trials for cilengitide include two tri- 
als in patients with prostate cancer and one trial in 
patients with advanced solid tumors or lymphoma 
(www.clinicaltrials.gov/). 


42.7.2 
Vitaxin 


A phase I study has evaluated the safety and pharma- 
cokinetics of escalating doses (0.1-4.0 mg/kg/week) 
of 6-weekly infusions of vitaxin (Applied Molecular 
Evolution, San Diego, California), the humanized 
version of the LM609 anti-avB3 antibody used in the 
early mechanistic studies, in cancer patients with 
stage IV solid tumors and an ECOG performance 
status 2 (Gutheil et al. 2000). Of 17 patients treated, 
14 were evaluable for response. Doses of 1.0 mg/kg/ 
week produced plasma concentrations which were 
sufficient to saturate the avB3 receptor in preclini- 
cal studies. The half-life of vitaxin was in excess of 
5 days with no accumulation over 6 weeks. One pa- 
tient demonstrated a PR and seven patients achieved 
SD. One patient, who received vitaxin beyond the 
first cycle, achieved disease stabilization in excess 
of 22 months, demonstrating that ovB3 is a clini- 
cally relevant target. Vitaxin has also been studied 
in patients with refractory advanced solid tumors or 
lymphoma (www.clinicaltrials.gov/). 


42.7.3 
CNTO 95 


An ongoing phase I trial is investigating the fully 
human pan-cv-integrin MAb CNTO 95 (Centocor 
Research and Development Inc) in 95 patients with 
solid tumors refractory to standard therapy (Jayson 


et al. 2004). Patients receive CNTO 95 on days 0, 28, 35 
and 42. An initial report on 13 patients, with a median 
number of two prior systemic treatment regimens, 
treated with 0.1 mg/kg (7 patients), 0.3 mg/kg (3 pa- 
tients) and 1.0 mg/kg (3 patients) recorded no CNTO 
95-related serious adverse events. Three ovarian can- 
cer patients achieved stable disease (two patients at 
0.3 mg/kg and one patient at 1.0 mg/kg) at day 42, 
and remain on extended CNTO 95 dosing. Dose es- 
calation to a planned dose of 10.0 mg/kg continues. 
Again, these preliminary results are encouraging and 
provide further evidence of the relevance of cv inte- 
grins as therapeutic targets. CNTO 95 is also being 
investigated in patients with advanced melanoma in 
a phase I/II trial (www.clinicaltrials.gov/). 


42.7.4 
Endostatin 


A phase I trial investigated the safety and pharmaco- 
kinetics of escalating doses (15, 30, 60, 120, 180, 300 
and 600 mg/m2/day) of recombinant endostatin (rh- 
endostatin or Endostar), which mediates its effects 
via 581 integrin (Herbst et al. 2002). Twenty-six 
patients with advanced solid tumors for which no 
standard treatment was available received treatment 
with rh-endostatin for a maximum of two 28-day 
cycles. A dose of 300 mg/m2/day achieved an AUC 
associated with activity in preclinical models. In two 
patients evidence of anti-tumor activity was seen but 
no responses were observed. This study confirmed 
the safety of rh-endostatin in the clinic but clearly 
suggested that more trials were needed. 

In a phase II trial (Kulke et al. 2003), 37 evaluable 
patients with advanced solid tumors were treated 
with a dose of 60 mg/m*/day for 8 weeks. Twenty- 
one patients were escalated to a dose of 90 mg/m2/ 
day. Overall, 41 patients received a median of 24 
(range 1-52) weeks of therapy and 37 patients were 
evaluable for response. Two patients achieved minor 
radiological responses and 23 patients (62%) had SD 
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as their best response. Again, this trial suggested 
that rh-endostatin may have activity. 

More recently a placebo-controlled, phase III 
study in 486 assessable patients with advanced (stage 
HIB and IV) non-small cell lung cancer showed 
the combination of rh-endostatin plus vinorelbine 
and cisplatin to achieve a response rate of 35.4%, 
compared with 19.5% for vinorelbine and cisplatin 
alone. The median times to progression were 6.3 
months and 3.6 months, respectively. The clinical 
benefit rate was also greater for the rh-endostatin- 
containing treatment arm (73.3% versus 64.0%). In 
this study rh-endostatin conferred a significant and 
clinically meaningful improvement in response rate 
coupled with a favorable toxicity profile (Sun et al. 
2005). A phase I study of an intratumoral injection 
of adenoviral vector-delivered human endostatin is 
under way (www.clinicaltrials.gov/). 


Conclusion 


Integrin-mediated cell adhesion is known to pro- 
mote cell survival and integrin-dependent cell 
growth, while integrin antagonists induce apopto- 
sis of adherent endothelial cells. For example, as 
described above de novo expression of avB3 integrin 
has been shown to occur in response to proangio- 
genic growth factors (Brooks et al. 1994b), facilitat- 
ing increased endothelial cell interaction with the 
provisional ECM, preventing apoptosis and promot- 
ing cell growth. Integrin antagonists of avB3, on 
the other hand, initiate endothelial cell apoptosis, 
suppress angiogenesis and inhibit tumor growth. 
This and the evidence provided in this chapter in 
numerous model systems of the specific anti-angio- 
genic and anti-tumorigenic effects of a variety of 
integrin antagonists have led to their investigation 
in clinical trials as anti-angiogenic agents. 
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Abstract 


Thalidomide (Thal) has antiangiogenic 
and immunomodulatory activity. Clinical 
research has provided clear evidence that 
Thal is one of the most active drugs for the 
treatment of multiple myeloma, leading to 
decrease of monoclonal protein of at least 
50% in 30% of patients with relapsed or 
refractory multiple myeloma. Randomized 
trials based on a large body of evidence 
from phase II trials have determined that 
Thal significantly increases total response 
rate in combination regimens (dexametha- 
sone and/or chemotherapy) for relapsed as 
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well as newly diagnosed patients. Thal also 
increases time to response in combination 
therapy approaches. Thal has therefore been 
recognized by leading organizations as part 
of the treatment concept for patients with 
relapsed or refractory disease. Strict guide- 
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Introduction 


Thalidomide [Thal; alpha-(N-phthalimido) glutari- 
mide] was synthesized as a sedative drug in 1950 
(Fig. 43.1). It also has anti-emetic activity and was 
marketed initially as the safest available sedative 
of its time due to lack of toxicity in human volun- 
teers and lack of teratogenicity in murine animal 
models (Dredge et al. 2003). It became popular as 
a drug to counter the effects of morning sickness 
in Europe, Australia, Asia and South America, al- 
though it never received Food and Drug Adminis- 
tration (FDA) approval in the United States because 
of concerns about neuropathy (Dredge et al. 2003; 
Fullerton and Kremer 1961). 

The teratogenic activity was first described in- 
dependently by William McBride in Australia and 
Widukind Lenz in Germany, but the subsequent 
withdrawal of the drug was too late to prevent severe 
birth defects in 8,000-12,000 babies (Bartlett et al. 
2004). This tragedy has overshadowed the use and 
development of Thal ever since. 

Despite this severe complication, however, Thal 
never disappeared completely from the therapeutic 
market (Fig. 43.2). 

In 1965 the Israeli dermatologist Jacob Sheskin re- 
ported the remarkable effectivity of Thal in patients 
with erythema nodosum leprosum (ENL) (Bartlett et 
al. 2004). This discovery led to the approval of Thal 


Thalidomide 
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for the treatment of acute ENL by the FDA in 1998. 
The discovery of the immunomodulatory effects of 
Thal led to a number of clinical studies in the treat- 
ment of patients with autoimmune diseases such as 
rheumatoid arthritis, cutaneous lesions of systemic 
lupus erythematosus and Behcet’s disease (Marriott 
et al. 1999; Hamza 1986; Atra and Sato 1993). Thal 
was also used to treat chronic graft-versus-host dis- 
ease associated with allogeneic stem cell transplan- 
tation (Heney et al. 1991; Vogelsang et al. 1992). 

The first reports on the investigation of Thal for 
cancer therapy date back to the 1960s (Olson et al. 
1965), but this research was abandoned after reports 
on teratogenicity and first clinical trials with nega- 
tive findings. 

As described below in more detail. D‘Amato/Folk- 
man and coworkers discovered the antiangiogenic 
effect of Thal in 1994 and thereby provided a novel 
scientific basis for the investigation of Thal in cancer 
(D’Amato et al. 1994). There are several reasons why 
this description did not spark an immediate interest 
in this drug. The black history of Thal was certainly 
one aspect. In addition, Thal was not protected by 
patent rights and therefore pharmaceutical compa- 
nies were concerned about the investment necessary 
to develop this drug. Another reason may be that 
the antiangiogenic effect as principal mechanism 
of cancer therapy was not unequivocally accepted 
at that time as it is nowadays (Folkman 1971, 2002). 
Finally, it was Bart Barlogie who discovered the anti- 
myeloma effect of this drug by initially using it on 
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Fig. 43.1. Chemical 
structures of thalidomide 
and the thalidomide 
analog (immunomodula- 
tory drug) lenalidomide 
(Revlimid) 
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Fig. 43.2. Milestones in the clinical development of thalidomide (modified from Bartlett et al. 2004) 


a compassionate use basis, supported by patients 
and their families, in 1998. The initial discovery 
of the therapeutic activity led to a clinical study in 
Little Rock, Arkansas which was published in 1999 
(Singhal et al. 1999). This discovery initiated further 
clinical studies worldwide in multiple myeloma and 
other oncologic entities. 


Chemistry and Pharmacokinetics 


Thal [alpha-(N-phthalimido)glutarimide, C,H; 
N,0,] is a glutamic acid derivative and contains a 
glutarimide moiety with a single chiral center. Thal 
consist of an racemic mixture of S(-) and R (+) enan- 
tiomers. The enantiomers can rapidly interconvert 
at physiologic pH and have different biologic effects, 
the S enantiomer being primarily responsible for the 
teratogenic effects and the R enantiomer for the sed- 
ative properties (Kumar et al. 2004; Teo et al. 2001; 
Eriksson et al. 2001). This finding indicated that 


purification of the R(+) isoform, although less effec- 
tive in its ability to suppress TNF expression and an- 
tiangiogenic properties, would represent a safer way 
to use Thal. However, there is a rapid introversion of 
the two isomers under physiologic conditions, and 
the R(+) isoform was found to cause teratogenicity 
similar to the S(-) form in the New Zealand rabbit 
model (Teo 2005). Comparison of Thal pharmaco- 
kinetics and metabolite formation in mice, rabbits 
and multiple myeloma patients revealed widely dif- 
ferent pharmacokinetic profiles. Elimination half- 
lives were 0.5, 2.2 and 7.3h for mice, rabbits and 
humans respectively (Chung et al. 2004). Interspe- 
cies comparison of high-performance liquid chro- 
matography analysis of Thal metabolites revealed 
a higher proportion of hydroxylated metabolites in 
mice than in rabbits and undetectable levels in hu- 
mans (Chung et al. 2004). Interspecies differences 
in pharmacokinetics and generation of metabolites 
are therefore a major reason for differences in bio- 
logical effects. 

At present, Thal is available only as an oral for- 
mulation. It is poorly soluble in water and nearly in- 
soluble in ethanol. Studies in healthy volunteers and 
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HIV patients have indicated that the time to peak 
concentration after intake of 200 mg of Thal varies 
from 3h to 6h, indicating a slow absorption (Er- 
iksson et al. 2001; Piscitelli et al. 1997). There is no 
indication that absorption is dependent on gender 
or age. There is some correlation between the dose 
and the peak concentration and the area under the 
curve but there is significant variability, probably 
reflecting the poor absorption (Teo et al. 2001). Thal 
does not bind significantly to plasma proteins and it 
has a large apparent volume of distribution. It was 
detected in semen after 4 weeks of therapy (Kumar 
et al. 2004). Thal is primarily metabolized by non- 
enzymatic hydrolysis in humans with an apparent 
mean clearance of 10 l/h for the (R) enantiomer and 
21 l/h for the (S) enantiomer. This leads to a higher 
blood concentration of the (R) enantiomer than of 
the (S) enantiomer (Eriksson et al. 2001). The elimi- 
nation half-life of both enantiomers is 4-7 h. The 
pharmacokinetics of patients with renal or hepatic 
dysfunction remains poorly understood. No induc- 
tion of its own metabolism has been noted with pro- 
longed use (Aweeka et al. 2003). Thal and its metabo- 
lites are eliminated in the urine. 


Mechanism of Action 


43.3.1 
Thalidomide Inhibits Angiogenesis 


Judah Folkman was one of the first researchers to 
associate tumor growth with angiogenesis (Folk- 
man 1971). He and his coworkers had the hypoth- 
esis that the teratogenic effects of Thal were sec- 
ondary to inhibition of blood vessel development 
in the developing fetal bud (d’Amato et al. 1994). 
Using a rabbit cornea micro-pocket assay, Folkman 
and his colleagues provided clear experimental ev- 
idence that Thal inhibits induction of angiogenesis 
by basic fibroblast growth factor (bFGF) (d’Amato 
et al. 1994). The molecular basis for the antian- 


giogenic effect has been under investigation for 
several years. Several mechanisms have been pro- 
posed, and future research has to determine which 
of them might be more basic and fundamental, 
possibly explaining secondary effects observed by 
others (Fig. 43.3). 

Active bone marrow angiogenesis is a feature of 
progressive multiple myeloma (Moehler et al. 2003). 
Angiogenesis is an adverse prognostic factor for 
overall survival for myeloma patients (Moehler et al. 
2003). Investigation of bone marrow microcircula- 
tion by dynamic contrast-enhanced magnetic reso- 
nance imaging (DCE-MRI) indicates that increased 
angiogenesis is also a feature of myeloma lesions 
with local destruction (Moehler et al. 2001a; Scherer 
et al. 2002). 

Yabu et al. used a zebrafish model in which Thal 
induces vascular defects in major vessels during em- 
bryonic development (Yabu et al. 2005). According 
to their convincing experimental findings, which 
could be repeated in human umbilical vein endo- 
thelial cells (HUVECs), Thal induces an increase in 
neutral sphingomyelinase (nSMase) which leads to 
the generation of ceramide that is responsible for 
endothelial cell (EC) apoptosis directly or by down- 
regulation of vascular endothelial growth factor 
receptor (VEGF-R) and neuropilin, two critical re- 
ceptors mediating angiogenesis. Blocking of nSMase 
completely inhibited the vascular defects induced by 
Thal in this model. nSMase-induced cellular apop- 
tosis has been described in response to TNF-alpha 
and heat shock. The exact mechanism by which Thal 
activates nSMase was not described but is of great 
interest. 

Another antiangiogenic mechanism is the down- 
modulation of angiogenic cytokines expressed by 
tumor cells or stroma cells in the tumor microen- 
vironment. 

The inhibition of proliferation of EC by Thal could 
be a secondary event subsequent to activation of EC 
apoptosis induced either directly or by down-regu- 
lation of VEGF-R and neuropilin (Yabu et al. 2005; 
Vacca et al. 2005; Ng et al. 2003). Further elucidation 
of the biochemical pathway of angiogenesis inhibi- 
tion by Thal will provide important clues for the de- 
velopment of novel antiangiogenic drugs. 


Fig. 43.3. Possible sites 
of interference of thalido- 
mide with the angiogenic 
cascade in multiple my- 
eloma (modified from 
Moehler et al. 2003) 
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The decrease of circulating endothelial cells in- 
duced by Thal could be a further independent an- 
tiangiogenic mechanism (Zhang et al. 2005). Zhang 
et al. found that circulating ECs (CECs), which were 
defined by the flow-cytometrically determined ex- 
pression of CD34/CD146/CD105 and lack of CD11b 
expression, were significantly decreased after the 
administration of Thal (Zhang et al. 2005). This is an 
indication that Thal reduces the number of endothe- 
lial but possibly also of myelomonocytic cells in the 
peripheral blood that can support angiogenesis. The 
contribution of CECs or even circulating endothelial 
progenitor cells is a topic under intense debate in the 
scientific community (Urbich et al. 2003). Currently 
it is unknown to which extent bone marrow-derived 
stem cells actively differentiate into vascular endo- 
thelial cells at the peripheral sites of angiogenesis, as 
in tumor growth, In contrast, it is a widely accepted 
concept that myelomonocytic cells released from 
the bone marrow or the peripheral blood partici- 
pate and promote angiogenesis in part by secreting 
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angiogenic cytokines (Kaplan et al. 2005). Possible 
sites of interference of Thal with the angiogenesis 
cascade are summarized in Fig. 43.3. 

Thal-induced remodeling of tumor vasculature 
could be demonstrated in murine tumor models and 
was found to result in radiosensitization (Ansiaux 
et al. 2005). 


43.3.2 
Immunomodulatory Activities 


The ability of Thal to change and in particular de- 
crease cytokine excretion has been reported for ECs 
but was also shown for monocytes (Fig. 43.4). Thalisa 
potent inhibitor of TNF-alpha production oflipopoly- 
saccharide-stimulated human monocytes (Corral et 
al. 1996, 1999; Moreira et al. 1993), This inhibition is 
due to increased degradation of TNF-alpha mRNA 
by Thal (Moreira et al. 1993). Also other cytokines 
can be inhibited as interleukin-1 beta (IL-I-beta), 


783 


784 


T. M. Moehler et al. 


interleukin 6 (IL-6), granulocyte-macrophage col- 
ony stimulating factor (GM-CSF) (Corral et al. 1999). 
In contrast, interleukin 10 (IL-10) is stimulated (Cor- 
ral et al. 1999). The effects of Thal on T-cells are op- 
posite to the above-described effects on monocytes. 
Thal stimulates primary human T lymphocytes, in- 
ducing their proliferation, cytokine production and 
cytotoxic activity (Haslett et al. 1998), In peripheral 
mononuclear cells Thal induces a T-helper cell type 2 
cytokine production, while concomitantly inhibiting 
T-helper cell type 1 cytokine production. Therefore 
Thal can no longer be referred to simply as a TNF- 
alpha inhibitor. The differential responses of Thal 
described above might explain the diverse beneficial 
and adverse clinical effects of Thal depending on the 
immunologic baseline parameters. 

In addition to modulating the cytokine profile it 
was shown that Thal decreases the cell surface mol- 
ecules ICAM-1, VCAM and E-selectin on HUVECs 
(Geitz et al. 1996). The decrease of these molecules 


involved in leukocyte recruitment is one explanation 
for the therapeutic effects in ENL. It has also been 
suggested that myeloma adhesion to ECs is dimin- 
ished by this mechanism, leading to increased apop- 
tosis of myeloma cells. Increasing activity of NK cells 
is a further mechanism of Thal’s immunostimula- 
tory effects (Davies et al. 2001). 


43.3.3 
Direct Effects of Thalidomide on Myeloma Cells 


Thal has also a direct inhibitory effect on myeloma 
cells (Hideshima et al. 2000). Myeloma cells incu- 
bated in the presence of Thal undergo programmed 
cell death (Mitsiades et al. 2002; Hideshima and An- 
derson 2002) (Fig. 43.4). The molecular basis of this 
effect is not completely understood, A mechanism 
of apoptosis induction similar to that described for 
endothelial cells (see above) is possible but has to 
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Fig. 43.4. Autocrine/ 
paracrine loops in mul- 
tiple myeloma: blockade 
or stimulation by Thal 


be investigated in the future. Detection of apoptosis 
of myeloma cell cultures is considered as important 
experimental system to screen for anti-myeloma ac- 
tivity of Thal derivatives (Hideshima et al. 2000). 
Studies investigating the influence of Thal on my- 
eloma cells also revealed that Thal is able to reverse 
the drug resistance of myeloma cells (Hideshima et 
al. 2000). In vivo the Thal-induced down-modulation 
of adhesion receptors on stroma cells is considered 
an additional factor that contributes to myeloma cell 
apoptosis (Geitz et al. 1996). 


Thalidomide for Relapsed or 
Refractory Multiple Myeloma 


43.4.1 
Thalidomide As Single Agent for Relapsed or 
Refractory Myeloma 


Initial reports on the activity of Thal in myeloma 
patients as described above initiated the discovery 
of Thal for cancer patients (Singhal et al. 1999). Thal 
is still mainly used for patients with multiple my- 
eloma, but significant activity has been found in 
myelodysplastic syndrome and myeloid metaplasia 
as well as in selected solid tumors such as prostate 
cancer and Kaposi’s sarcoma, as summarized below 
(Kumar et al. 2004). 

The current status of phase II trials of Thal 
monotherapy was recently reviewed systematically. 
Table 43.1 summarizes the results of this meta- 
analysis with respect to response rates for Thal as 
single agent (Glasmacher and von Lilienfeld-Toal 
2005; Kropff et al. 2003). The response rate for Thal 
as single agent was 29.4% for partial response (PR) 
and complete response (CR), and 43.2% when minor 
response (MR) was included. In this meta-analysis 
the median event-free survival (EFS; 12 trials in- 
cluding a total of 712 patients) was reported to be 12 
months. The median overall survival (OAS) based 
on the data evaluation of 558 patients in 10 studies 
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Table 43.1. Response rates (Glasmacher and von Lilienfeld- 
Toal 2005; Glasmacher et al. 2006) 


Reductionin No.of % (95% 


Response 


monoclonal patients CI) 

protein 
Complete >90/100% 18 1 (1-2) 
Partial >50% 370 29 (27-32) 
Minor 26-50% 173 14 (12-16) 
Stable disease 25—+25% 159 12 (11-14) 
Progressive disease >+25% 190 15 (13-17) 
Not evaluable Unknown 363 31 (28-33) 


was 14 months (range 5-58 months). Graphical il- 
lustration of the results of PFS and OAS analysis is 
provided in Fig. 43.5. 

With this activity profile Thal is one of the most 
active single agents in multiple myeloma. Thal’s ef- 
ficacy in relapsed and refractory patients is compa- 
rable with treatment regimens such as the combina- 
tion of vincristine, doxorubicin and dexamethasone 
(Dex), which results in response rates of 39% (95% 
CI 32%-45%). 

It has been reported that Thal at 50 mg is ac- 
tive. Doses exceeding 400 mg are associated with 
substantial increases in adverse effects (see below 
as well as summarized in Table 43.4 and Fig. 43.6) 
and cannot be recommended for that reason. Cur- 
rently, therefore, the recommended dose range for 
the Thal treatment in myeloma patients is between 
50 mg and 400 mg. Many individual clinicians have 
observed that if patients on low doses (e.g. 50 mg of 
Thal) develop relapse of multiple myeloma, disease 
progression can at least temporarily be controlled by 
increasing the dose of Thal. But still a clear dose-re- 
sponse relationship has not been established today. 

In most clinical trials Thal was used in a dose of 
50 mg or 100 mg at the beginning of treatment with 
stepwise increment to 400 mg. Barlogie et al. (2001) 
described a higher response rate and prolonged over- 
all survival for patients receiving a cumulative dose 
of 42 g Thal over 3 months, equivalent to approxi- 
mately 460 mg of Thal per day. Essentially the same 
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Fig. 43.5. Response rate (left panel) and overall survival (OS) and event-free survival (EFS) (right panel) in relapsed or refrac- 
tory myeloma patients treated with Thal as single agent (Glasmacher and von Lilienfeld-Toal 2005; Glasmacher et al. 2006) 


observation was made by other investigators, who 
described longer OAS or PFS for patients treated with 
a cumulative dose of 34.5 g over 3 months, equivalent 
to 400 mg per day, than for patients with lower doses 
(Moehler et al. 2001b; Neben et al. 2002). 

The question of dosage was addressed by a ran- 
domized study comparing single-agent Thal at 
100 mg and at 400 mg in relapsed or refractory my- 
eloma patients (Yakoub-Agha 2006). Although there 
was a trend towards a small improvement in PFS in 
the 400 mg group, no significant difference between 
the two groups could be detected. Therefore 100 mg 
or 200 mg is the dosage currently considered opti- 
mal for patients with relapsed disease, whether as 
single-agent therapy or in a combination regimen. As 
described below, the 50 mg dose is recommended for 
most studies where prolonged treatment with Thal as 
maintenance therapy is used (Goldschmidt 2006). 


43.4.2 

Thalidomide in Combination with 
Corticosteroids and/or Chemotherapy for 
Relapsed or Refractory Myeloma: 

Clinical Phase II Data 


The remarkable activity of Thal and a manageable 
risk profile (as described below) soon initiated clini- 
cal trials combining Thal with Dex or chemotherapy 


to investigate additive or synergistic effects. The initial 
trials had already provided evidence that Thal in ad- 
dition with corticosteroids could achieve additional 
responses (Singhal et al. 1999; Glasmacher and von 
Lilienfeld-Toal 2005). One advantage of Thal in com- 
bination with cytotoxic drugs is that Thal has only 
a mild myelotoxic effect, if any at all. The choice of 
combination therapy with Thal has to be based at least 
in part on the potential additive adverse effects. In 
combination with anthracyclines, the sharp increase 
in thromboembolic complications necessitated the co- 
administration of low-molecular-weight heparins or 
other forms of anticoagulation (Barlogie et al. 2001; 
Minnema et al. 2004). The neuropathic effect of Thal 
excludes co-administration with vincristine. 

Indeed, Thal in combination with Dex or chemo- 
therapy achieved impressive response rates between 
55% (CR/PR rate) and 79% (CR/PR rate) (Kropff et 
al. 2003; Moehler et al. 2001b; Dimopoulos and Anag- 
nostopoulos 2003; Garcia-Sanz et al. 2004). Examples 
of phase II studies on the combination of Thal with 
chemotherapy in relapsed and refractory patients are 
summarized in Table 43.2. Comparison with histori- 
cal data on chemotherapy combination indicated not 
only improved response rate for the Thal combination 
therapy but also improved PFS and OAS (Moehler et 
al. 2001b). 

Based on the convincing data of Thal in relapsed 
and refractory multiple myeloma, regulatory authori- 


ties in Australia, New Zealand, Turkey and Israel ap- 
proved Thal Pharmion, which is associated with the 
PRMP (Pharmion Risk Minimization Program) secu- 
rity system similar to the STEPS program from Cel- 
gene established in the USA (see Sect. 43.9). Pharmion 
has now launched a large randomized, multinational, 
multicenter trial for single-agent Thal for patients with 
relapsed multiple myeloma comparing Thal (100, 200 
or 400 mg) with single-agent Dex (OPTIMUM study) 
to generate data for approval of Thal. 


Thalidomide for Treatment of 
Newly Diagnosed Patients 


Thal’s effectivity was confirmed in phase II and 
phase III trials in newly diagnosed patients, who 
showed more favorable responses than relapsed pa- 
tients (Rajkumar et al. 2001, 2006). Trials for newly 
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diagnosed patients concentrated on whether Thal 
improves the outcome based on the standard regi- 
mens for this patient group as MP, MD or VAD. 
These investigations revealed an increase of the re- 
sponse rate in comparison to the standard arm by 
approximately 20%. Examples of published trials are 
listed in Table 43.3. In addition, several researchers 
have reported that the response can be achieved sig- 
nificantly faster with the Thal combination (Gold- 
schmidt 2006; Rajkumar et al. 2006; Ludwig 2006; 
Palumbo 2006; Cavo et al. 2005). 

The remarkable improvement ofeffectivity of Thal 
in combination therapy has to be weighed against 
increased overall toxicity of these combination ther- 
apies and impact on EFS and OAS. Goldschmidt et 
al. showed that the improvement in response rate 
achieved by TAD (Thal/Adriamycin/Dex) induction 
therapy compared to VAD (vincristine/Adriamycin/ 
Dex) was canceled out after the first high-dose mel- 
phalan (HD-Mel)treatment (Goldschmidt 2006). For 
that reason a number of investigators are currently 
reluctant to recommend Thal in newly diagnosed 


Table 43.2. Combination of thalidomide with cyclophosphamide and dexamethasone for 
patients with relapsed or refractory disease (selection of phase II studies) 


Moehler et al. (2001a, 2001b), 
including update 2003 


Kropff et al. (2003) 


Dimopoulos et al. (2003) 


Glasmacher et al., data on file 


Garcia-Sanz et al. (2004) 


Cy, cyclophosphamide; Dex, dexamethasone; IDA, idarubicin; T, Thalidomide; VP16, etoposide 


Combination regimen 


No. of patients Response rate 


(CR+PR,%) 


Cy 1,600 mg/m? 
VP16 160 mg/m? 
T 400 mg/day 
Dex 160 mg 


Cy 1,800 mg/m? 
T<400 mg/day 
Dex 240 mg/m? 


Cy 1,500 mg/m? 
T 400 mg/day 
Dex 160 mg/m? 


Cy 800 mg/m? 
IDA 40 mg/m? 
T2400 mg/day 
Dex 320 mg 


Cy 50 mg/day 
T<800 mg/day 
Dex 160 mg 


119 


60 


43 


39 


66 


55 (46-65) 


70 (57-81) 


67 (51-81) 


59 (46-71) 


55 (42-67) 
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Table 43.3. Thalidomide combination therapy in newly diagnosed patients 


Regimen No. of patients Response rate Response rate tha- 
(R=randomized study) standard (%) lidomide (%) 

Elderly patients 

Palumbo (2006) MP vs MPT (R) 102 in total 48 80 

Ludwig (2006) MP vs T-Dex (R) 64 vs 61 38 51 

Before high-dose therapy 

Goldschmidt et al. (2006) VAD vs TAD (R) 203 vs 203 63 80 

Rajkumar et al. (2006) Dex vs T-Dex (R) 104 vs 103 42 58 

Cavo et al. (2005) VAD vs T-Dex 100 vs 100 52 76 

Barlogie et al. (2006) TT2 + Thal 345 vs 323 43% 62% 


A, Adriamycin; D/Dex, dexamethasone; M, melphalan P, prednisone; T, thalidomide; TT2, total therapy 2; V, vincristine 


patients that are eligible for HD-Mel and autolo- 
gous blood stem cell transplantation (ABSCT) as a 
significant improvement for EFS and OAS in favor 
of the use of Thal during the induction therapy for 
newly diagnosed patients has not been confirmed in 
randomized studies (Goldschmidt 2006; Barlogie et 
al. 2006). Reasons to include Thal in the combina- 
tion regimen for newly diagnosed patients eligible 
for HD-Mel/ABSCT outside of a clinical study could 
be VAD-refractory disease or necessity to induce a 
rapid response, e.g. in the case of impairment of re- 
nal function by cast nephropathy. 


Thalidomide As Maintenance 


Maintenance therapy in multiple myeloma is a very 
important issue, as most patients will suffer from 
relapse even after intensive therapy. So far only in- 
terferon alpha is approved for maintenance therapy 
(Myeloma Trialists’ Collaborative Group 2001). A 
recent randomized trial has shown that alternate 
doses of prednisone 50 mg every other day can im- 
prove the PFS. 


Many investigators have observed that days or weeks 
after withdrawal of a Thal therapy patients develop 
myeloma relapse. This observation, and the current 
practice of continuing a Thal maintenance treatment 
for patients responding to Thal ora Thal combination, 
make this a very important issue. 

The IFM99-02 study investigated the role of Thal as 
maintenance therapy subsequent to HD-Mel/ABSCT 
with randomization of 580 patients into three arms: 
(A) no maintenance; (B) pamidronate; (C) Thal and 
pamidronate (Attal 2004). Data presented at the con- 
ference of the American Society of Hematology in De- 
cember 2004 revealed significant improvements in EFS 
and PFS for arm C with the combination of Thal and 
pamidronate. The 40-months post-diagnosis probabil- 
ity of PFS was 70% (95% CI 42-80) for the Thal arm 
versus 53% (95% CI 37-65) in arm A and 52% (95% CI 
36-68) in arm B. 

Preliminary data from the GMMG (German speak- 
ing myeloma group)-HD3 trial investigating Thal (in a 
dose of 50 mg) versus interferon maintenance did not 
show a significant difference between the two arms, 
but adverse events were significantly less frequent in 
the Thal arm, with more patients on continuous main- 
tenance after 1 year in the Thal arm (Goldschmidt et 
al., personal communication). Final data analyses from 
these and similarly designed studies are now awaited. 


Fig. 43.6. Summary and 
frequency of grade I/II 
and grade III/IV adverse 
effects of thalidomide as 
single agent according to 
Glasmacher et al. (2006) 
and Glasmacher and von 
Lilienfeld-Toal (2005) 


Incidence (%) 


Development of immunomodulatory Drugs 
and Thalidomide Analogs 


Soon after the discovery of the beneficial clinical 
effects of Thal for multiple myeloma and other on- 
cologic entities, a search for analogs with improved 
therapeutic efficacy and fewer adverse effects began. 
The drug discovery program for the first-generation 
Thal analogs used the Thal structural backbone as 
a template to synthesize compounds with increased 
immunological and anti-cancer properties. The sec- 
ond-generation analogs were focused on improved 
inhibition of TNF-alpha. It was found that analogs 
with an additional amino group added to the fourth 
carbon of the phthaloyl ring of Thal (4-amino ana- 
logs) displayed a 50,000 times greater ability to in- 
hibit TNF-alpha in vitro than the parent compound 
(Fig. 43.1; example of lenalidomide/Revlimid/CC- 
5013) (Hideshima and Anderson 2002). Extensive pre- 
clinica] testing finally led to the identification of CC- 
5013 and CC-4047 for further investigation in clinical 
trials (Teo 2005; Hideshima and Anderson 2002). 
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Third-generation Thal analogs (third-generation 
immunomodulatory drugs, IMiDs) are now in pre- 
clinical testing. The emphasis of work on these com- 
pounds has shifted from anti-TNF-alpha inhibition to 
their antiangiogenic and immunomodulatory effects. 

The hope that non-teratogenic compounds will 
soon bein clinical use to substitute Thal has not been 
fulfilled. CC-5013 and CC 4047 are both teratogenic 
and have to be applied under strict guidelines. 

CC-5013(lenalidomide, Revlimid)iswelladvanced 
in clinical development. Several clinical studies 
have clearly shown that Revlimid is active as single 
agent for relapsed and refractory multiple myeloma 
(Richardson et al. 2002). In the first phase I study 
of Revlimid in relapsed MM (n=27), 42% of patients 
showed a greater than 25% reduction in M protein. 
In this study a maximum tolerated dose (MTD) of 
25 mg/day was found due to grade 3 myelosuppres- 
sion at 50 mg/day (Richardson et al. 2002). 

In a phase I/II dose escalation trial of CC-4047 
(Actimid) in patients with advanced multiple my- 
eloma (n=18) in which 39% of the patients showed 
reduction in M protein greater then 25%, a MTD of 
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2 mg/day was defined due to neutropenia at higher 
dose (Schey et al. 2004). 

Revlimid is far more advanced in clinical develop- 
ment than Actimid. In fact, Revlimid was approved 
by the FDA in 2006 for the treatment of refractory 
or relapsed multiple myeloma in combination with 
dexamethason. Recently, Revlimid received approval 
by the EMEA (European Medicines Agency) for the 
same indication (Bartlett et al. 2004). Further clinical 
studies provided evidence that Revlimid can also im- 
prove therapeutic efficacy in combination therapy set- 
tings for relapsed as well as newly diagnosed patients 
(Rajkumar 2006; Dimopoulos 2006). Dimopoulos et 
al. presented data from a randomized, placebo-con- 
trolled study comparing lenalidomide/Revlimid/ 
CC-5013 in combination with Dex against Dex with 
placebo for relapsed/refractory multiple myeloma 
patients that included 35] patients. Revlimid led to a 
significant improvement of overall response rate (in- 
cluding CR and PR) from 24% with single-agent Dex 
to 59% in the combination arm. In addition, PFS was 
more than doubled from 4.7 months in the Dex group 
to 11.3 months in the combination group (p<0.001) 
(Dimopoulos 2006). 

Common adverse effects of lenalidomide were 
hematotoxicity with grade III/IV neutropenia in 
27% of patients and thrombocytopenia in 10% of 
patients. Furthermore, an increased incidence of 
thromboembolic events was noted (4% of patients) 
(Dimopoulos 2006). In contrast to Thal, peripheral 
neuropathy, constipation and somnolence were not 
associated with Revlimid. 


Thalidomide in Non-plasma 
Cell Malignancies 


The success of Thal in multiple myeloma triggered 
clinical investigation in other malignancies (Kumar 
et al. 2004). 

Thal was found to induce objective responses in 
Kaposi sarcoma in 35-47% of patients in a dose range 
between 100 and 1000 mg per day (Little et al. 2000). 


Remarkable response rates between 27% and 53% 
were found for single-agent Thal in prostate cancer 
(Figg et al. 2001). Other phase II trials revealed re- 
sponses in melanoma, brain tumors, melanoma and 
renal cancer, but response rates were under 10% in 
most trials. In breast cancer no objective responses 
were recorded (Baidas et al. 2000; Eisen et al. 2000). 

Both Thal and Revlimid were recognized to have 
significant activity in a number of hematologic ma- 
lignancies. One of the first discoveries was that Thal 
induced hematologic improvement in approximately 
35% of patients with myelodysplastic syndrome. As 
a result of Thal treatment a significant number of 
patients achieved transfusion independence (Kumar 
et al. 2004). Strupp et al. showed in a limited num- 
ber of patients that cytogenetic response can follow 
normalization of blood counts (Strupp et al. 2003). 
Recently Revlimid was approved for the treatment 
of myelodysplastic syndrome by the FDA. 

Significant activity of Thal was also shown for 
myeloid fibrosis with myeloid metaplasia in several 
phase II trials (Kumar et al. 2004). A number of en- 
couraging clinical effects were reported for T-cell 
lymphoma of the AILD type (angioimmunoblastic 
lymphoma with dysproteinemia), B-cell lymphomas 
and Hodgkin lymphomas, as well as acute myelog- 
enous leukemia (Kumar et al. 2004). 


Adverse Effects of Thalidomide 


Thal has a number of adverse effects in addition to 
its well-known teratogenic potential. The frequency 
management and prevention of these adverse events 
has been recently reviewed (Ghobrial and Rajku- 
mar 2003). In doses of 400 mg or less Thal’s side 
effects are mild to moderate in severity and are 
generally well tolerated (Table 43.4). The most com- 
monly encountered side effects are neurologic, with 
peripheral polyneuropathy mostly associated with 
prolonged use of Thal, sedation, fatigue, and tremor. 
Figure 43.6 summarizes the frequency and severity 
of adverse events as identified by a recent meta- 


analysis of clinical trials with Thal as single agent 
(Glasmacher et al. 2006). Other common adverse 
effects are constipation and cutaneous changes, 
including dryness of skin, non-specific dermatitis, 
xerostomia and allergic skin reactions. In rare cases 
severe skin reactions as Stevens-Johnson syndrome, 
erythema multiforme or toxic epidermal necrolysis 
have been reported. Less common side effects in- 
clude bradycardia, hearing disturbances and mild 
neutropenia. 

Use of Thal in combination with drugs associated 
with thromboembolic disease results in a sharp in- 
crease in the risk of developing an thromboembolic 
event while on treatment. For that reason prophylac- 
tic anticoagulation has to be instituted in anthracy- 
cline combination therapy and has to be considered 
in other combinations, such as Thal/Dex (Barlogie et 
al. 2006). 

If these adverse events are mild to moderate, i.e. 
WHO grade I or II toxicity, dosage of Thal is re- 
duced by 50%. Further dose reduction to 50 mg is 
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required if the adverse event is not resolved within 
7 days. If there is still no resolution of the adverse 
event, Thal has to be discontinued. In the cases of 
WHO grade III and IV toxicity, discontinuation of 
Thal is mandatory. Re-administration of Thal fol- 
lowing WHO grade III or IV toxicity in general is not 
recommended as the risk of induce life-threatening 
complications is high. 


Regulatory Issues 


Teratogenicity is the most feared adverse event and 
occurs when Thal is taken between days 27 and 40 of 
gestation (Lenz 1988). Therefore, national regulatory 
agencies in the USA, Europe, Australia and other 
countries have strict guidelines that are designed to 
control the use of Thal. For the USA Thal is marketed 


Table 43.4. Adverse effects of thalidomide therapy 


Frequent side effects Less common side effects 


Birth defects 

Drowsiness and somnolence 
Skin rash 

Constipation 

Peripheral neuropathy 


Xerostomia 


Orthostatic hypotension and dizziness 


Neutropenia<?11> 


Headache 

Confusion 

Malaise 

Asthenia 

Hyper- or hypoglycemia 
Tremor 

Pruritus 


Peripheral edema 

Hepatitis (elevated serum transaminases) 
Stevens-Johnson syndrome 
Impotence 

Deep vein thrombosis 
Hearing disturbance 

Hair loss 

Loss of libido 

Nausea 

Fever 

Menstrual abnormalities 
Hypothyroidism 
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under the STEPS program by Celgene. A similar pro- 
gram is provided in Europe and other countries by 
Pharmion, namely the Pharmion Risk Minimization 
Program for Thal-Pharmion. Physicians, patients 
and pharmacies involved in the treatment of pa- 
tients with multiple myeloma are registered within 
these programs and follow strict guidelines in the 
application and monitoring of Thal. Women in the 
child-bearing age group must undergo pregnancy 
testing before starting therapy and every 2-4 weeks 
during therapy. They must use two highly effective 
contraceptive methods. As Thal has been detected 
in the semen, male patients have to use a condom 
while under treatment even if they have had a suc- 
cessful vasectomy. All patients must continue these 
measures for at least 1 month after discontinuation 
of the drug. The security system is also instrumental 
in detect the other potential adverse effects. 
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Abstract 


Anti-angiogenic drugs have entered the anti- 
cancer drug arsenal, but there is a clear need 
to identify patients who are likely to benefit 
from this therapeutic strategy. Circulatingen- 
dothelial cells (CECs) and progenitors (CEPs) 
have been reported to be modulated in cancer 
patients. At the preclinical level, CEC and CEP 
kinetics correlate well with several standard 
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Surrogate Markers of Angiogenesis 


laboratory angiogenesis assays, which can- 
not be used in humans. At the clinical level, 
CEC kinetics and viability may correlate with 
clinical outcomes in cancer patients treated 
using anti-angiogenic therapeutic strategies. 
Thus, CEC and CEP measurement has po- 
tential as a surrogate marker for monitoring 
anti-angiogenic treatment/drug activity and 
helping to determine the optimal biological 
dosage of anti-angiogenic drugs. 


Introduction 


“Molecularly targeted” anti-cancer drugs are per- 
haps the most significant recent advance in oncol- 
ogy therapeutics, However, despite the approval of 
some of these molecules for clinical use in the USA 
and Europe, the development of this class of drugs, 
including their anti-angiogenic agents, suffers from 
several handicaps. In fact, in many cases itis unclear 
whether the patient’s cancer expresses the drug’s 
target and whether the target is functionally contrib- 
uting to cancer growth. Since in many cases these 
drugs are extremely expensive, and only some of the 
patients benefit from these novel therapeutics, there 
is a clear need to monitor the biological activity of 
these drugs, to select and stratify the patients who 
are likely to benefit from the treatment, and to de- 
termine each drug’s optimal biological dose (OBD). 
This last point is related to the low frequency of ob- 
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jective tumor responses (tumor shrinkage) caused 
by such drugs, or the lack of dose-limiting toxicities 
(DLT) necessary to define a maximum tolerated dose 
(MTD), or expression of optimal therapeutic activity 
at doses below the MTD, when one of these param- 
eters can be defined. These problems necessitate the 
development of alternative pharmacodynamic sur- 
rogate markers (Kerbel and Folkman 2002). 

In this chapter we discuss several promising 
markers for use in monitoring targeted anti-angio- 
genic activity and debate their optimal therapeutic/ 
biological dosing. 


Circulating Endothelial Mature Cells and 
Progenitors 


In the past, measurement of tumor angiogenesis to 
predict and/or assess the efficacy of anti-angiogenic 
therapies was mainly based on the evaluation of mi- 
crovessel density (MVD). In this procedure, blood 
vessels of tumor samples are stained with antibodies 
and counted by light microscopy. However, this ap- 
proach is invasive, it cannot be used to predict the 
efficacy of an anti-angiogenic drug (Hlatky et al. 
2002), MVD of a tumor biopsy specimen might not 
equate with MVD of the whole tumor, and the cor- 
relation between MVD and clinical outcome is still 
uncertain in most tumor types (Weidner 2000). 

It has been reported that circulating endothelial 
cells (CECs) are increased in the peripheral blood 
(PB) of patients affected by sickle cell anemia, 
cytomegalovirus or rickettsial infection, myocar- 
dial infarction, or endotoxinemia (Solovey et al. 
1997; Grefte et al. 1993; Drancourt et al. 1992; Mutin 
et al. 1999; Lin et al. 2000). However, any attempt to 
quantify CECs has been hampered by two main fac- 
tors: (1) CECs are rare events and their character- 
ization requires a large amount of cells; (2) the lack 
of a specific antigen/monoclonal antibody that can 
unambiguously identify CECs. 

In 2001, Mancuso et al. reported that CECs are 
increased in the peripheral blood of cancer patients, 


and first reported a flow cytometry technique to de- 
tect both CECs and the CEC subpopulation express- 
ing markers associated with a progenitor cell activ- 
ity, defined as circulating endothelial progenitors 
(CEPs). The details of the technique are summarized 
below. 


44.2.1 
Quantification of Human CECs by 
Flow Cytometry 


In 2001, Mancuso et al. used a panel of human 
monoclonal antibodies including anti-CD45 to ex- 
clude hematopoietic cells, anti-CD31, -CD34, -CD36, 
-CD105, -CD106, -CD133, and -P1H12 (Solovey et al. 
1997; Grefte et al. 1993; Drancourt et al. 1992; Mu- 
tin et al. 1999; Lin et al. 2000; George et al. 1991; 
St. Croix et al. 2000; Fornas et al. 2000; Rafii 2000; 
Khan et al. 2005; Li et al. 2000; Osborn et al. 1989; 
Elshal et al. 2005; Peichev et al. 2000; Salven et al. 
2003), and appropriate analysis gates were used to 
enumerate resting and activated CECs and CEPs 
(Fig. 44.1). Monoclonal antibodies (Table 44.1) were 
conjugated with FITC, R-phycoerythrin (PE), PerCP 
or allophycocyanin (APC), and cell suspensions 
evaluated by a FACSCalibur equipped with a sec- 
ond red-diode laser (BD, San Jose, CA). Absolute cell 
numbers were calculated by reference fluorescent 
beads and „lyse-no-wash“ procedures used to in- 
crease sensitivity and reproducibility (Fornas et al. 
2000). After acquisition of at least 100,000 cells per 
PB sample, analyses were considered as informative 
when adequate numbers of events (i.e. >100, typi- 
cally 300-400) were collected in the CEC enumera- 
tion gates. Resting CECs were defined as negative for 
hematopoietic marker CD45; positive for endothelial 
markers P1H12, CD31 and CD34; negative for acti- 
vation markers CD105 and CD106; and negative for 
the progenitor marker CD133. Activated CECs were 
defined as CD45~-, P1H12*, CD31*, CD34*, CD105 or 
CD106*, CD133~. According to Rafii (2000), CEPs 
were characterized by expression of CD133. Regard- 
ing activated CEC markers, high levels of CD105 
(endoglin), a receptor for transforming growth fac- 
tor beta (Li et al. 2000), and vascular cell adhesion 
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Fig. 44.1a-f, Six-color flow cytometry evaluation of circulating endothelial cells and endothelial progenitors. The use of monoclo- 
nal antibodies conjugated with six different fluorochromes allows the identification of mature, apoptotic, activated CECs and CEPs 
simultaneously, a An analysis gate (R1) restricted on lymphocytes and granulocytes is used to exclude platelets, dead cells, debris 
and microparticles. b A pan-leukocyte monoclonal antibody (anti-CD45) is used to exclude hematopoietic cells. R2 indicates nega- 
tive CD45 and weakly positive CD45 cells and thereafter the expression of endothelial marker is performed on this population. ¢ 
R3 indicates mature CECs evaluated by the co-expression of CD31 and P1H12. d CEPs are evaluated for their expression of CD133. 
e Apoptotic CECs are evaluated for their positivity for 7-AAD. f Activated CECs are evaluated for their positivity for CD105 
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Table 44.1. Target antigens, related cluster designations, antibody clones and conjugation of human monoclonal antibodies 


used for CEC and CEP enumeration 


Antigen Cluster designation 


Antibody clone 


Conjugation 


PECAM-1 CD31 WM5S9 (Pharmingen BD) FITC 
gp 105-120 CD34 HPCA-2 (BD) APC 
LCA CD45 2D1 (BD) PerCP 
Endoglin CD105 8E11 (Euroclone) FITC 
VCAM-1 CD106 5110C9 (Pharmingen BD) PE 
AC133 CD133 AC133/1 (Miltenyi) APC 
P1H12 CD 146 P1H12 (Chemicon) PE 


molecule-1 (CD106, VCAM-1; Osborn et al. 1989) 
are currently considered as hallmarks of activated 
endothelial cells either in vitro or in tissues under- 
going angiogenesis. Activated endothelial cells also 
express increased adhesion molecules such as CD54 
(intracellular adhesion molecule-1), CD62e (E-selec- 
tin), and markers of procoagulant activity such as 
CD142 (tissue factor; Khan et al. 2005). 

The sensitivity and specificity of this procedure 
were evaluated by serial dilution of human umbili- 
cal cord endothelial cells (expressing an „activated 
CEC“ phenotype) in the U-937 cell line. The detec- 
tion limit of the procedure was 0.1 cell/ul, and speci- 
ficity was >90%. Anti-CD34 antibodies conjugated 
with APC, when compared with PE, have decreased 
mean fluorescence intensity (Fornas et al. 2000). In 
any case, APC-conjugated anti-CD34 was useful 
to discriminate between the very tiny population 
of CD45” hematopoietic progenitors, which were 
CD34*** (bright), and CD34* CECs. 

Flow-cytometric enumeration of CECs is far from 
a standardized procedure, and several approaches 
have been published (George et al. 1991; Mancuso et 
al. 2001). Because of the lack of a marker that can 
unambiguously identify CECs and CEPs, multipara- 
metric flow cytometry is the best technique to use to 
detect endothelial cells and discriminate them from 
cells with overlapping expression of antigens. First 
of all, the use of CD45 is necessary to exclude he- 
matopoietic cells. For example, CD146 expression on 
activated T cells can be distinguished from CD146 on 


endothelial cells by co-staining with CD45 (Elshal et 
al. 2005). These antigens are present on T cells but 
not on CECs. CD34 expression on endothelial cells 
presents an interesting problem because this anti- 
gen is also found on hematopoietic stem cells. How- 
ever, CD34 is brightly expressed on hematopoietic 
cells but has decreased mean fluorescence intensity 
on CECs, and flow cytometry readily detects this 
difference. 

The discovery of CD133 (AC133), an antigen that 
identifies primitive stem cells, provided a means to 
dissect mature CECs from CEPs. CD34 could not be 
used for this purpose, because mature endothelial 
cells express this antigen (Rafii 2000). CD133, con- 
versely, is not present on CECs or any mature endo- 
thelial cells. 

Another very important issue regards the viabil- 
ity of CECs. Although there are various protocols for 
detection of CECs, consensus seems to be building 
towards the use of CD146 (P1H12, S-endo-1), CD45, 
and a viability stain such as propidium iodide or 
7-AAD, perhaps in combination with additional 
endothelial markers such as CD31, as an appropri- 
ate means of identifying and enumerating CECs. 
Redundant endothelial markers increase the accu- 
racy of endothelial cell detection, whereas exclu- 
sionary gating of CD45” cells and dead cells by the 
viability stain decreases the incidence of false-posi- 
tive cells due to staining of lymphocytes (for CD146) 
or non-specific antibody binding by dead cells. 
Moreover, it is possible to discriminate between 


viable and apoptotic CECs (Philpott et al. 1996) in 
order to evaluate the anti-angiogenic properties of 
different drugs. 


44.2.2 
Preclinical and Clinical Measurements of 
CECs and CEPs 


In 2001, we measured CECs and CEPs in 76 newly 
diagnosed cancer patients (30 with lymphoma and 
46 with breast cancer) and 20 controls (Mancuso et 
al. 2001). In these controls, mean values for resting 
and activated CECs/pl were 7.9 (95% confidence 
interval, CI, 4.7-11.1), and 1.2 (95% CI 0.1-2.3), 
respectively. In newly diagnosed patients, mean 
resting and activated CECs/ul were 39.1 (95% CI 
16.8-61.4) and 6.8 (95% CI 5.0-8.6), i.e. increased 
fivefold (P<0.0008 vs control by ANOVA). CEC dis- 
tribution was normal in controls and skewed in 
patients. Repeated CEC measurements in patients 
and controls indicated low longitudinal CEC varia- 
tion. Evaluation of CD36 expression showed that in 
patients and controls at least half of the CECs were 
microvascular in origin. In patients and controls 
the count of resting and activated CECs did not 
correlate with the count of white cells, red cells or 
platelets. 

VEGF is produced by the large majority of tumor 
cells and is involved in CEP mobilization. Correla- 
tion between MVD and VEGF and between MVD 
and CECs did not reach statistical significance. 
On the other hand, a positive correlation (r=0.419, 
P=0.009 by multiple regression) was found between 
CECs/yl and plasma VEGF. As shown in Fig. 44.2, 
a normal distribution of resting CECs, activated 
CECs and plasma VEGF was observed in controls, 
whereas a switch to increased VEGF, increased CECs 
and activated CEC phenotype was observed in can- 
cer patients. The level of circulating VCAM-1, a gly- 
coprotein produced by angiogenic endothelial cells, 
was significantly higher in patients than in controls. 
VCAM-1 strongly correlated with CECs/ul (r=0.582, 
P<0.0001) but not with MVD. 

CEC numbers were found to be similar to control 
values in seven lymphoma patients who achieved 
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Fig. 44.2. Levels of VEGF, resting and activated CECs in 
healthy subjects and cancer patients. Normal distribution 
in controls (top); switch to increased VEGF, increased CECs, 
and activated CEC phenotype in cancer patients (bottom). 
(From Mancuso et al. 2001, modified) 


complete remission after chemotherapy. In these 
patients, mean resting and activated CECs/ul were 
12.8 (95% CI 4.0-21.6) and 0.8 (95% CI 0.4-1.2), 
respectively (P=0.0001 and 0.63 vs newly diag- 
nosed patients and healthy controls, respectively). 
Furthermore, CECs were found to decrease in 13 
breast cancer patients evaluated before and 24h 
after quadrantectomy. Regarding CEPs, they were 
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<0.5/p1 in all controls and newly diagnosed patients 
evaluated. Higher CEP counts were found in 4 out 
of 11 patients evaluated while recovering from high- 
dose-chemotherapy-induced aplasia and in 2 out of 
7 healthy controls evaluated during the menstrual 
period. In these 6 cases, CEP values ranged from 1.1 
to 9/l. 

This clinical observation prompted us to investi- 
gate whether CECs could be quantified in mice and 
used as surrogate markers of angiogenesis and anti- 
angiogenic activity of different drugs. CECs were 
enumerated using a panel of monoclonal antibodies 
reacting with murine CD45 (to exclude hematopoi- 
etic cells) and endothelial murine markers VEGF re- 
ceptor 2, CD105, VE-cadherin, MECA-32, CD31 and 
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CD34. Annexin V and 7AAD were used to depict 
apoptotic and dead cells (Fig. 44.3). 

We used an animal model of human lymphoma 
(Monestiroli et al. 2001) to evaluate CEC kinetics 
and viability in cancer-bearing mice before and 
after drug therapy. We observed a stable CEC in- 
crease after lymphoma transplant, and the strong 
correlation observed between CECs and tumor vol- 
ume indicates that CEC increase may parallel tu- 
mor progression. We found that in control animals 
most CECs seemed to have initiated an apoptotic 
program, whereas CEC viability was markedly im- 
proved in tumor-bearing mice (Monestiroli et al. 
2001). Considering the anti-apoptotic properties of 
VEGF, known to be produced by cancer cells, this 
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Fig. 44.3. Flow-cytometric evaluation of the number and viability of murine CECs and CEPs, (From Bertolini et al. 2003, 
modified). An analysis gate (R1) restricted on lymphocytes and granulocytes is used to exclude platelets, dead cells, debris 
and microparticles. Endothelial cells are defined in R2 as negative or weakly positive for CD45 (a pan-leukocyte marker) 


and positive for CD13 


growth factor might play a relevant role in preserv- 
ing CECs from apoptosis. 

Ina previous study (Bertolini et al. 2000), the fre- 
quency of endothelial apoptotic cells was found to 
be significantly increased in Namalwa lymphomas 
removed from NOD/SCID mice treated with the 
anti-angiogenic drug endostatin. We evaluated CEC 
viability before and after drug therapy, and found 
that the cytotoxic drug cyclophosphamide at MTD 
induced apoptosis of circulating hematopoietic and 
(to a lesser extent) endothelial cells (Monestiroli 
et al. 2001). Conversely, the anti-angiogenic drug 
endostatin specifically targeted endothelial and not 
hematopoietic cells. Thus, the measurement of CEC 
viability during clinical studies might help to define 
the balance between cytotoxic and anti-angiogenic 
activity of different drug schedules. 


44.2.2.1 

Genetic Heterogeneity in CEC and CEP Numbers: 
Implications for Their Validation 

as Cellular Surrogate Markers 


To assess whether CEC and CEP measurement repre- 
sents a valid surrogate approach for neovasculariza- 
tion, we collaborated with Robert Kerbel’s labora- 
tory in Toronto (Shaked et al. 2005). We examined 
eight inbred mouse strains and assessed sprouting 
angiogenesis using the classical corneal neovascular 
micropocket assay, the stimulus being 180 ng VEGF. 
Pellets showed a range of up to ~10-fold differences 
in the ability to cause angiogenesis, with strains 
such as 129/SvImJ found to have strong angiogenic 
ability and strains such as C57BL/6 J, C3H/He] and 
CD-1 showing a limited ability to induce angiogene- 
sis. We next undertook an analysis of levels of CECs/ 
CEPs [differentiated by means of the absence or the 
presence of CD177 (c-kit) expression, respectively] 
among the eight different inbred mouse strains rep- 
resentative of ‘high’, ‘medium’, and ‘low’ angiogenic 
responsiveness, as assessed by the corneal micro- 
pocket angiogenesis assay. A striking correlation 
was found between the angiogenic ability, assessed 
by the corneal neovascular micropocket assay, and 
the absolute number of CECs and CEPs (Fig. 44.4). 
Such a correlation suggests that both angiogenic and 
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vasculogenic phenotypes are probably regulated by 
the same genetic heterogeneity among different 
mouse strains. 

To show that the angiogenesis is not restricted 
to the assay and the ophthalmic environment, the 
Matrigel (subcutaneous) plug perfusion assay was 
used to measure the angiogenic ability in some 
of the mouse strains that were studied for lev- 
els of CECs and CEPs (Shaked et al. 2005). Again, 
the ratio between Matrigel plug fluorescence and 
plasma fluorescence was the highest (~0.0036) in 
the 129/SvImJ strain, which also showed the high- 
est CEC and CEP levels. In contrast, the C57BL/6 J 
mouse strain, which demonstrated low angiogen- 
esis/vasculogenic phenotype, was found to have a 
low ratio between Matrigel plug fluorescence and 
plasma fluorescence, and BALB/cJ mice demon- 
strated an intermediate range of angiogenic abil- 
ity, with respect to intrinsic levels of CECs/CEPs 
and the Matrigel plug perfusion assay. These results 
confirmed that the correlation is not restricted to 
angiogenic responses induced in an ophthalmic mi- 
croenvironment, or to the assay used. 

To address the question of whether the basis 
of the genetic heterogeneity in levels of CECs and 
CEPs is, at least in part, regulated by known and 
validated molecular regulators of sprouting angio- 
genesis, we assessed levels of the cells in various 
mutant (knockout) or transgenic mouse models 
(Shaked et al. 2005). First, we evaluated a mutant 
of the C57BL/6 J mouse strain (that normally ex- 
presses low angiogenic ability relative to most 
other evaluated strains), which has a targeted dis- 
ruption in the fsp-1 gene. TSP-1 is a well-known 
endogenous inhibitor of angiogenesis (Kerbel and 
Folkman 2002). Both CECs and CEPs increased ap- 
proximately fivefold in the TSP-1 null C57BL/6 J 
mice relative to the wild-type control mice. In ad- 
dition, to confirm that TSP-1 has a direct effect 
on levels of CECs/CEPs, we undertook a pharma- 
cologic ‘knockout’ approach in which TSP-1 null 
mice were treated on a daily basis with the anti-an- 
giogenic drug, ABT-510, a peptide mimetic derived 
from the type I (properdin-like) repeats that mim- 
ics the interaction between TSP-1 and CD36 recep- 
tors. After 2 weeks of daily administration with 
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Fig. 44.4. The correlation between CECs and CEPs and the corneal neovascular micropocket assay index in different strains 


of mouse. (From Shaked et al. 2005, modified) 


either ABT-510 peptide or the vehicle, mice were 
evaluated for CECs/CEPs. The treatment of TSP-1 
null mice with ABT-510 results in a marked reduc- 
tion ofthe intrinsically high CEC/CEP levels, which 
were reduced to basal values normally detected in 
wild-type control mice. 

We next evaluated the effect of two different stim- 
ulatory regulators of angiogenesis, namely, VEGF 
and Tie-2, on intrinsic levels of CECs/CEPs (Shaked 
et al, 2005). To do so, we analyzed peripheral blood 
from either VEGF hypermorphic (VEGF-A*) or 
Tie-2 overexpressing mice. VEGF-A}"+ mice (re- 
ceived from Dr. Andras Nagy, University of Toronto, 
Canada) have a two- to threefold increase in circu- 
lating VEGF levels during embryonic development 
as well as in adulthood. The background of both of 
these mutant mouse strains is CD-1, which was pre- 
viously shown to have low-grade angiogenic ability. 


Both VEGF-A"/* mice and mice overexpressing Tie- 
2 receptor exhibit a seven- to eightfold increase in 
CEC levels in comparison to CD-1 wild-type control 
(p=7.8X10-5, p=0.001, respectively); similarly, there 
was a marked elevation in levels of CEPs (p=0.005, 
p=5.8x10-5, respectively). Interestingly, in the Tie- 
2-overexpressing mice, a distinct increase of ap- 
proximately 60-fold in the levels of CEPs (from 0.1 
cells/yl in the wild type to 6 cells/ul in mice overex- 
pressing Tie-2) was observed. 

In the light of several reports showing suppres- 
sive effects of various anti-angiogenic drugs on the 
CECs/CEPs, e.g. reduction in the viability and/or 
mobilization of CEPs, both preclinically (Capillo 
et al. 2003; Bertolini et al. 2003; Schuch et al. 2003) 
and clinically (Willett et al. 2004), we next asked 
whether CEC/CEP quantification might help to 
identify the OBD of anti-angiogenic drugs. Empir- 


ical dose-response preclinical studies with DC101 
[a rat monoclonal blocking antibody specific for 
the mouse VEGFR-2 (flk-1) receptor] (Kerbel and 
Folkman 2002) have shown that the optimal anti- 
tumor therapeutic dose of DC101 is in the range 
of 800 ug-1 mg/mouse, administered every 3 days. 
We investigated whether the evaluation of CECs/ 
CEPs can, in principle, help establish an optimal 
dose of such an anti-angiogenic drug (Shaked et 
al. 2005). To do so, we first evaluated the viability 
of CEPs in two different tumor models. We tested 
the effect of DC101 in escalating doses (0-2000 ug/ 
mouse/dose) on a syngeneic Lewis lung carcinoma 
in C57BL/6J mice and on a human lymphoma 
(Namalwa) xenograft in NOD/SCID mice. We 
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found that 800 ug/mouse of DC101 is the OBD in 
both the LL/2 C57BL/6 J model and the Namalwa 
lymphoma NOD/SCID model (Fig. 44.5), since it 
induced the lowest level of viable CEPs and the 
greatest decrease in tumor volume. These results 
were not altered by further increasing the DC101 
dose to 2000 ug/mouse. 

Furthermore, since the CEP levels are affected by 
the tumor growth, it is possible that the reduction 
in the CEP levels is due to the tumor volume rather 
than to the OBD of the drug. Therefore, we evalu- 
ated the viable CEPs in a correlation study in non- 
tumor-bearing mice (Shaked et al. 2005). First, we 
performed a correlation study with DC101 in both 
strains of tumor-free background mice we had al- 
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Fig. 44.5. Enumeration of CEPs as a surrogate biomarker to define the OBD of the anti-angiogenic drug DC101. In the Na- 
malwa lymphoma NOD/SCID model (Bertolini et al. 2000), we found that a dose of 800 ug/mouse induced the lowest level 
of viable CEPs and greatest decrease in tumor volume. These results were not altered by further escalating the DC101 dose 
to 2000 pg/mouse. (From Shaked et al. 2005, modified) 
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ready tested (i.e. C57BL/6 J and NOD/SCID). In both 
cases, administration of DC101 in escalating doses 
showed that the optimal dose is 800 ug/mouse since 
it induced the greatest reduction in the viable CEPs 
that was not exceeded by higher doses. Second, we 
tested the viable CEPs in other strains and also with 
another drug - ABT-510, a TSP-1 mimetic peptide. 
Either 800 pg/mouse of DC101 or 60 mg/kg/day of 
ABT-510 are the optimal anti-angiogenic biologi- 
cal dose since they induced the lowest level of viable 
CEPs. This is similar to the reduction in the viable 
CEPs we obtained in both LL/2 C57BL/6 J and Na- 
malwa NOD/SCID mice, and also consistent with 
the optimal dose of ABT-510 according to the man- 
ufacturer. In addition, we tested the OBD of either 
DC101 or ABT-510 in different strains to determine 
whether similar effects are detected in “high-angio- 
genic” strains such as 129/SvIm] or “low angiogenic” 
strains such as C57BL/6 J. Both DC101 and ABT-510 
caused a marked reduction in the viable CEPs in all 
three strains, declining to basal levels of 0.1 viable 
CEPs/ul peripheral blood. 


44.2.2.2 

Dual Effects of Different 

Anti-Angiogenic Therapies on Circulating 
Endothelial Progenitors and Mature Cells 


We investigated the correlation between CEC and 
CEP kinetics, their viability (assessed by 7AAD) 
and cancer’ growth in a number of preclinical 
models of cancer treated with different anti- 
angiogenic drugs and therapeutic strategies. In 
several murine models of lymphoma and solid 
cancer (melanoma, lung, prostate and breast can- 
cer) we found that the administration of some 
drugs (endostatin, angiostatin and thalidomide) 
was associated with a reduction in the number 
of viable CECs and CEPs that paralleled the re- 
duction in tumor growth compared to untreated 
controls. In the same murine models of cancer, the 
preclinical administration of some other drugs 
(such as molecules with anti-VEGFR2 activity) 
and some anti-angiogenic therapeutic strategies 
(metronomic chemotherapy using continuous, 
low doses of cyclophosphamide or vinblastine), 


were associated with an anti-cancer activity that 
paralleled a release of apoptotic CECs in circula- 
tion and an absence of CEP mobilization from the 
bone marrow. These preclinical models also indi- 
cated that the source of apoptotic CECs was most 
likely the tumor vasculature, because CECs were 
not increased in cancer-free mice treated with the 
same drugs (Mancuso et al. 2006). 

The prognostic potential of CEC kinetic and vi- 
ability was confirmed at the clinical level in 81 pa- 
tients with advanced breast cancer receiving met- 
ronomic chemotherapy (cyclophosphamide plus 
methotrexate), where CEC levels were lower in pa- 
tients for whom no overall clinical benefit (defined as 
a clinical response or a stable disease) was observed 
than in those who had a clinical benefit (p=0.015). 
This difference was due to an increased fraction of 
apoptotic CECs in patients with a clinical benefit. 
Univariate and multivariate analyses indicated that 
CEC values >11/ul were associated with longer pro- 
gression-free survival (p=0.001) and improved over- 
all survival (p=0.005, Mancuso et al. 2006). 

The clinical value of CEC kinetics was also as- 
sessed in solid cancer patients (p=23) receiving 
different combinations of three drugs with anti- 
angiogenic activity (interferon-a, celecoxib and 
thalidomide). In this latter study, we observed, at 
variance with the former study on metronomic che- 
motherapy, a significant reduction of CECs in all 
patients. Patients with stable disease, however, still 
had a significantly different level of CECs (in partic- 
ular of the apoptotic fraction), and the single patient 
who had a clinical response had a relevant increase 
in apoptotic CEC. 

Folkman (2003) has indicated that in tumor an- 
giogenic vessels the endothelial cell lining is con- 
tinuously migrating, while in mature, quiescent 
vessels there is little or no endothelial cell turn- 
over. This fits well with our preclinical and clini- 
cal findings on CEC kinetics. Our data, moreover, 
point to a novel dual effect of different classes of 
anti-angiogenic therapies on CECs and CEPs, and 
indicate that kinetics and viability of these surro- 
gate biomarkers have potential to define OBDs of 
anti-angiogenic drugs and to serve as predictors of 
clinical response. 


Real-Time Reverse-Transcription PCR as a 
New Tool to Study Angiogenesis 


In addition to flow cytometry, our laboratory has 
studied how the quantitative investigation of gene 
expression might reflect the angiogenic status (Ra- 
bascio et al. 2004). We looked for genes selectively or 
particularly expressed by endothelial cells; in fact, 
the expression of these genes was expected to cor- 
relate to the amount of CECs in blood. Candidate 
genes studied wereVEGFR-2, VE-cadherin and Tie- 
2, and many are still under investigation. Together 
with genes supposed to mirror CEC values, the ex- 
pression of the CD133 gene was studied to quantify 
CEPs. 

VEGFR-2 is a receptor for VEGF; it is expressed 
on vascular endothelium, is involved in cell prolif- 
eration, migration and survival, and has a crucial 
role in the angiogenic process. 

Tie-2, instead, is a receptor for angiopoietins; it 
is activated by Ang-1 and activated or inhibited by 
Ang-2, depending on tissues. Ang-] is a strong mod- 
ulator of vascular permeability, it stimulates vascu- 
lar growth in many pathologic conditions, includ- 
ing some tumors, and it suppresses angiogenesis in 
other tumors and in the heart. 

VEGFR-2 and Tie-2 mRNA expression in blood 
was not significantly increased in cancer patients 
compared to controls (Rabascio et al. 2004). Con- 
versely, circulating VE-cadherin mRNA levels were 
increased in cancer patients compared to controls, 
and found to correlate with CEC viability. In this re- 
gard, Prandini et al. (2005) constructed transgenic 
mice carrying a gene (Lac-Z) under human VE- 
cadherin promoter control. They subcutaneously 
implanted lung carcinoma in these mice and inves- 
tigated the presence of beta-galactosidase (in appro- 
priate experimental conditions) and the binding of 
CD31 antibody in tumor sections. They thus dem- 
onstrated that VE-cadherin promoter is activated in 
tumor angiogenesis. These findings, together with 
those of Rabascio and colleagues (2004), support 
the hypothesis that VE-cadherin transcription is in- 
creased when a tumor angiogenic process occurs. 


Surrogate Markers of Angiogenesis 


VE-cadherin is a molecule involved in the homo- 
typic adhesion of endothelial cells and is expressed 
only on these cells. It is a trans-membrane protein 
interacting, by its intra-cytoplasmic region, with 
three proteins belonging to the armadillo family: 
beta-catenin, plakoglobin and p120. Beta-catenin 
and plakoglobin anchor VE-cadherin to cytoskel- 
eton through a binding mediated by alpha-catenin 
and other molecules (Nieset et al. 1997). Interest in 
VE-cadherin is increasing because its role is not only 
mechanical. In fact, being susceptible to cell-to-cell 
contact, it seems to be involved in differentiation, 
cell growth and cell migration. Some researchers 
(Carmeliet et al. 1999) demonstrated VE-cadherin 
involvement in signal transduction pathway medi- 
ated by VEGF receptor 2; they proposed a model in 
which formation of VE-cadherin-beta-catenin-IP3 
kinase-VEGFR-2 complex promotes cell survival 
through activation of Akt protein. As VE-cadherin 
has a role in CEC survival, it is reasonable that its 
circulating mRNA level correlates with CEC viabil- 
ity. 

More recently, circulating mRNA levels of CD146, 
also known as P1H12, were found to be significantly 
higher in breast cancer patients than in controls, and 
these levels correlated with CEC numbers detected 
by flow cytometry (Fiirstenberger et al. 2005). 

By means of real-time reverse-transcription PCR 
(RT-PCR), many groups investigated gene expres- 
sion in tissues instead of blood, looking for correla- 
tions with tumor angiogenesis. Kanda et al. (2005) 
evaluated the expression of 11 genes (total VEGF-A, 
VEGF121, VEGF165, VEGF189, VEGF-B, C and D, 
bFGF, dThdPase, MMP-2 and uPA) in 11 cervical 
carcinoma cell lines and 14 normal cervical tissues. 
Gene co-expression analysis revealed a significant 
correlation between angiogenic factors and protein- 
ases in malignant but notin normal cervical samples. 
Gene expression levels of VEGF-C and MMP-2 cor- 
related well with the number of tumor cells. VEGF-A 
splicing variants were increased in malignant com- 
pared to normal cervical samples but not associated 
with the invasive activity of the cells. 

Using real-time quantitative PCR and in situ hy- 
bridization, Patel et al. (2005) showed that the ex- 
pression of delta-like 4 ligand (DLL4) was up-regu- 
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lated almost ninefold within the vasculature of clear 
cell-renal cell carcinoma relative to normal kidney 
and was correlated with the expression of VEGF. 
DLL4 is a ligand that activates the Notch pathway, 
an intercellular signaling pathway involved in nu- 
merous biological processes including cell fate de- 
termination, cellular differentiation, proliferation, 
survival and apoptosis (Artavanis-Tsakonas et al. 
1995). 

Jiang’s group examined the levels of expression 
(qualitatively and quantitatively) of tumor endo- 
thelial markers (TEMs) in human colorectal cancer 
(Rmali et al. 2005). TEMs are a newly discovered 
family of endothelial markers associated with tu- 
mor-specific angiogenesis. TEM-2 and -6 expres- 
sions were found to be similar in tumor and normal 
tissues. Conversely, TEM-], -7, -7R and -8 were found 
to be overexpressed in colon cancer tissues com- 
pared to normal tissues. 


44.3.1 
A Real-Time RT-PCR Protocol for the 
Enumeration of Endothelial-Specific Genes 


Blood samples are lysed with NH4Cl to remove red 
cells and stored with guanidine isothiocyanate at 
-80°C for RNA analysis. Total RNA is extracted 
with the QlAamp RNA blood extraction kit (Qiagen, 
Chatsworth, CA). To generate cDNA, total RNA is 


treated with RNase-Free Dnase set (Qiagen) to re- 
move any contaminating genomic DNA. The Dnase- 
treated RNA (100 ng) is then converted into cDNA 
by murine leukemia virus reverse transcriptase (Life 
Technologies, Inc., Bethesda, MD). 

To perform quantitative real-time RT-PCR, Ra- 
bascio et al. (2004) used the primers and probes 
listed in Table 44.2. VE-cadherin and beta-actin 
primers were originally designed using Primer Ex- 
press software (Applied BioSystems, Foster City, 
CA). Primers for Tie-2, CD133, and VEGFR2 (SYBR 
green) were published elsewhere (Upalakalin et al. 
2003). For each PCR evaluation, 9 pl of cDNA (di- 
luted 1:3 in nuclease-free water) or plasmid product 
(serial dilutions), 10 ul of Universal PCR Master Mix 
(Applied BioSystems), 250 nM forward and reverse 
primer and 200 nM probe were added to a final 
volume of 20 ul. Amplification and detection were 
performed with the ABI Prism 7000 Sequence De- 
tection Systems (Applied BioSystems). The thermal 
cycle used was 2 min at 50°C, 10 min at 95°C, and 50 
cycles of 15 seconds denaturation at 95°C with 1 min 
annealing at 60°C. To assure the specificity of each 
primer set, amplicons generated from PCR reactions 
were evaluated for specific melting point tempera- 
tures using the first-derivative primer melting curve 
software supplied by Applied BioSystems. 

After real-time PCR reaction, the appropriate 
threshold was fixed to determine the amplification 
cycle for each sample (Ct). Data were then analyzed 


Table 44.2. Probes and primers used in Rabascio’s study (Rabascio et al. 2004) 


Beta-actin 


Forward primer: 5’-TCACCCACACTGTGCCCATCT-3’ 


Reverse primer: 5’°-CAGCGGAACCGCTCATTGCCA-3’ 
Probe: 5°-VIC-ATGCCCTCCCCCATGCCATCCTG-TAMRA-3’ 


VE-cadherin 


Forward primer: 5’°-AAGCCCTACCAGCCCAAAGT-3’ 


Reverse primer: 5’-TTGCGGAGATCTGCAGGAC-3’ 
Probe: 5’-FAM-TGTGAGAACGCTGTCCATGGCCAG-TAMRA-3’ 


Tie-2 Forward primer: 5’--GCTTGCTCCTTTCTGGAACTGT-3’ 
Reverse primer: 5’°-CGCCACCCAGAGGCAAT-3’ 

VEGFR-2 Forward primer: 5’°-CACCACTCAAACGCTGACATGTA-3’ 
Reverse primer: 5-GCTCGTTGGCGCACTCTT-3’ 

CD133 Forward primer: 5’°-TGGATGCAGAACTTGACAACGT-3’ 


Reverse primer: 5’-ATACCTGCTACGACAGTCGTGGT-3’ 


as follows, comparing studied gene Ct and respec- 

tive control gene Ct. 

e AC'=C' of studied gene-C' of control gene (beta- 
actin) 

e AAC'=ACt-number of total cycles (50) 

e Final value = 2^ (-AAC') 


This protocol can be used to identify new surro- 
gate markers for angiogenesis by real-time PCR. 


Conclusions 


Although increasing evidence correlates CECs/CEPs 
with other markers of angiogenesis and vascular 
disease (Schneider et al. 2005), questions remain 
regarding their precise definition, biology and ori- 
gin. They may be damaged, necrotic-apoptotic, or 
viable, and could possess procoagulant and/or pro- 
inflammatory properties. Their phenotype (particu- 
larly in the coming era of six-color flow cytometry) 
may provide useful information, and there is grow- 
ing evidence that CECs/CEPs may well be a novel 
biomarker, the measurement of which will have 
utility in various clinical settings related to cancer 
(Blann et al. 2005) and vascular diseases (Werner et 
al. 2005). At the present time, progress is hampered 
by the diversity of methodologies used to detect 
CEC/CEPs. Nevertheless, the number, viability and 
kinetics of CECs/CEPs predicts the clinical outcome 
in a number of diseases, suggesting their possible 
predictive/patient stratification role in the clinic 
(Rosenzweig 2005). 
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Abstract 


Vascular disrupting agents (VDAs) are dis- 
tinguished from anti-angiogenic agents by 
their ability to cause a catastrophic vascular 
collapse in tumour tissue within minutes to 
hours of drug administration, leading to ex- 
tensive tumour cell necrosis. Notwithstand- 
ing these effects, anti-angiogenic effects of 
VDAs can also be seen when they are ad- 
ministered in chronic dosing schedules. The 
largest group of VDAs is the tubulin-bind- 
ing, microtubule-depolymerising combre- 
tastatins, with CA-4-P the lead compound. 
DMXAA is the other notable VDA currently 
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in clinical trials. CA-4-P and DMXAA have 
different primary targets but are likely to 
have some mechanisms in common, notably 
involving the actin cytoskeleton. Extended 
vascular shut-down, which is necessary for 
tumour cell kill, requires a complex series 
of events which is only partially understood 
at present. Understanding and circumvent- 
ing development of treatment resistance is 
also an important challenge. Nevertheless, 
phase I and II clinical trials have produced 
encouraging results for current VDAs and 
this approach holds the promise of providing 
a valuable new treatment choice to comple- 
ment existing cancer therapy. 
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Introduction 


Therapeutic vascular targeting of tumours has con- 
centrated on anti-angiogenic approaches, which 
aim to prevent the neovascularisation processes in 
tumours. A conceptually distinct approach is to tar- 
get the established blood vessels in tumours, with 
the aim of causing a selective shut-down of tumour 
blood flow sufficient to induce extensive secondary 
tumour cell death. This anti-vascular approach has 
already achieved considerable success, with several 
low-molecular-weight drugs entering clinical trials 
in the past few years. The vascular shut-down that 
occurs following treatment with these drugs is ex- 
tremely rapid, beginning within minutes of drug 
administration. Drugs that have these vascular dis- 
rupting properties are often known as vascular dis- 
rupting agents or VDAs. Relatively large intermit- 
tent doses of VDAs are usually required to produce 
their tumour vascular disrupting effects but anti- 
angiogenic effects may also be revealed if they are 
administered in a repeated dosing schedule. 

The largest group of low-molecular-weight VDAs 
is the tubulin-binding combretastatins, which are 
structurally related to the classical tubulin-binding 
agent, colchicine. Several other classes of drugs have 
tumour vascular disrupting properties, including 
several compounds that were originally developed 
as anti-angiogenic agents. Development of novel 
targets for inducing tumour vascular disruption is 
also a thriving area of research. This chapter aims 
to provide an overview of the VDAs in development, 
a summary of the mechanisms of action of current 
VDAs, focusing on the combretastatins, the charac- 
teristics of the tumour vasculature that dictate sus- 
ceptibility, and current clinical progress. 


Current VDAs 


45.2.1 
Microtubule Depolymerising Agents 


The classic tubulin-binding agent, colchicine 
(Fig. 45.1), is too toxic for clinical use but is long 
recognised as having tumour vascular damaging 
properties. Tubulin is also the target for a number 
of established anticancer drugs directed at tumour 
cells, including vincristine and vinblastine. These 
drugs bind to tubulin and prevent its polymerisa- 
tion to form microtubules, thereby interfering with 
a range of important cellular processes, including 
mitosis and migration. In addition to cytotoxic ef- 
fects against tumour cells, profound tumour vas- 
cular effects have been reported for vincristine and 
vinblastine but only at close to their maximum tol- 
erated doses. 

The Cape Bushwillow tree Combretum caf- 
frum was the natural source of 17 combreta- 
statins, some of which were moderately effective 
against tumour cells in vitro. Consequently, a sol- 
uble sodium phosphate salt of the most potent of 
them, combretastatin A-4 (CA-4), was developed 
(Pettit et al. 1995). The phosphated pro-drug, CA- 
4-P (disodium combretastatin A-4 3-0-phosphate; 
Fig. 45.1), is readily administered in vivo, where it is 
rapidly cleaved to CA-4 by the action of endogenous 
non-specific phosphatases. CA-4 binds to tubulin at 
or close to the colchicine binding site and has tu- 
mour vascular damaging effects at well-tolerated 
doses of CA-4-P in animal models. CA-4-P is now 
being developed as CA4 Prodrug by OXiGENE Inc. 
The relative lack of toxicity of CA-4-P most likely 
relates to a short plasma half-life for CA-4 and re- 
versible binding kinetics, as opposed to the pseudo- 
irreversible binding of colchicine. This means that 
tissues are exposed to the drug for a relatively short 
time, which is nevertheless sufficient to cause vas- 
cular shut-down in susceptible tumour blood ves- 
sels. In animal models, this can be achieved within 
20 min of drug exposure (Tozer et al. 2001). 


Fig. 45.1. Chemical 
structures of various low- 
molecular-weight vas- 
cular disrupting agents. 
CA-4-P and CA-1-P are 
the soluble phosphate 
prodrugs of the natural 
combretastatins, CA-4 
and CA-1, respectively. 
AVE8062 is a synthetic 
combretastatin, which is 
also a prodrug. DMXAA 
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is a derivative of flavone SHO SS O 
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A second combretastatin, combretastatin A-1 
(CA-1) (Pettit and Lippert 2000), is also being de- 
veloped as the sodium phosphate salt, CA-1-P 
(Fig. 45.1), by OXiGENE Inc. (designated OX14503). 
CA-1-P is more potent than CA-4-P in pre-clinical 
models and both compounds are currently being 
tested in clinical trials. A derivative of the combre- 
tastatins, the Aventis Pharma compound AVE8062 
(Fig. 45.1), is also in clinical trials. This is also a 
pro-drug, the serine of which is cleaved by amino- 
peptidases to form the active component (Hori et 
al. 1999). 


Other tubulin-binding agents with profound 
vascular effects in solid tumours include Au- 
ristatin PE (TZT1027), which is derived from dol- 
astatin 10 (isolated from a marine mollusc) (Otani 
et al. 2000) and arsenic trioxide (Trisenox, Cell 
Therapeutics Inc.), which has many other effects 
as well as tubulin-binding properties and is most 
commonly used for the treatment of patients with 
acute promyelocytic leukaemia (APL) (Lew et al. 
1999). An analogue of colchicine, N-acetylcolchi- 
nol-O-phosphate (ZD6126, Fig. 45.1), is undergo- 
ing pre-clinical and clinical testing by AstraZen- 
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eca (Davis et al. 2000), as is the compound ABT-751 
at Abbott (Segreti et al. 2004). Newer microtubule 
disrupting agents undergoing pre-clinical test- 
ing that are active at or near the colchicine bind- 
ing site include a series of chromenes developed 
by Maxim Pharmaceuticals Inc, (lead compound 
MX-116407) (Kasibhatla et al. 2004) and a diketo- 
piperazine, NPI-2358, developed by Nereus Phar- 
maceuticals (http://www.nereuspharm.com). In 
addition to these agents, numerous synthetic ana- 
logues of the combretastatins are currently under 
development. 


45.2.2 
Flavonoids 


DMXAA (5,6-dimethylxanthenone-4-acetic acid; 
Fig. 45.1) and FAA (flavone acetic acid) are mem- 
bers of a series of drugs, structurally distinct from 
the combretastatins, whose primary site of action 
is unknown but which have multiple antivascular 
actions including the induction of cytokines. Initial 
work found that FAA induced extensive haemor- 
rhagic necrosis and reduced blood flow in animal 
tumour models, leading to the development of de- 
rivatives, one of which, DMXAA, is 16 times more 
potent than FAA and active in human tumours (Ba- 
guley 2003), DMXAA is being further developed as 
AS1404 by Antisoma plc (UK) and is currently in 
clinical trials. 


45.2.3 
Junctional Protein Disrupting Agents 


Monoclonal antibodies targeted to the junctional 
protein VE-cadherin (vascular endothelial cad- 
herin) are active against the tumour vasculature 
(Corada et al. 2002). N-cadherin (neural cadherin) 
is also involved with the structural integrity of 
blood vessels and its down-regulation prevents 
cell aggregation and induces apoptosis (Blaschuk 
and Rowlands 2000). In particular, N-cadherin is 
directly involved in regulating adhesion between 
the endothelial cells and pericytes of blood ves- 


sels. The novel cyclic pentapeptide N-cadherin 
inhibitor Exherin (ADH-1), developed by Adherex, is 
in phase I clinical trials and has been shown to cause 
haemorrhage in animal tumour models (http:// 
www.adherex.com/). Exherin contains the cadherin 
cell adhesion recognition sequence His-Ala-Val, and 
low-molecular-weight antagonists of N-cadherin are 
currently under development. 


45.2.4 
Receptor Tyrosine Kinase Inhibitors 


Vascular endothelial growth factor (VEGF) is a 
ubiquitous angiogenic growth factor in solid tu- 
mours and a major target for anti-angiogenic can- 
cer therapy. A number of small-molecule VEGF re- 
ceptor kinase inhibitors, with different inhibitory 
profiles, are now in clinical trials. VEGF acts as a 
survival factor for endothelial cells and its with- 
drawal can cause vascular damage. In addition, 
VEGF is a vasodilator, involving the synthesis/re- 
lease of nitric oxide. As such, inhibitors of VEGF 
activity are likely to possess vascular disrupting, 
as well as anti-angiogenic, properties. Some vas- 
cular shut-down has been noted in spontaneous 
pancreatic islet tumours in transgenic (RIP-Tag2) 
mice, within 24 h of treatment with the Pfizer com- 
pound AG013736, a broad-spectrum receptor tyro- 
sine kinase inhibitor (Inai et al. 2004). However, it 
is unlikely that inhibition of VEGF function has the 
very rapid tumour vascular disrupting properties 
of the other compounds discussed above. Vascular 
disruption may rely on the more protracted process 
of endothelial cell apoptosis, although this possi- 
bility remains to be investigated. 


45.2.5 
Vasoactive Agents 


Tumours are exquisitely dependent on nitric ox- 
ide for maintenance of blood flow, and nitric 
oxide inhibitors can induce selective vascular 
shut-down in animal tumours. In certain dose 
schedules, this can also be translated into significant 


tumour growth retardation, although this may be 
due to an anti-angiogenic rather than a vascular 
disrupting effect. CA-4-P and AVE8062 are clearly 
vasoconstrictive in tumour arterioles, and other 
vasoconstrictors acting at the same level of the mi- 
crocirculation, such as epinephrine (adrenaline), 
can cause prolonged and selective tumour vascular 
shut-down. Other vasoactive agents such as the en- 
dothelin-1 agonist IRL1620 have potential for selec- 
tive reduction of tumour blood flow but remain to 
be fully investigated. 


45.2.6 
Other Biological VDAs 


Various peptides, antibodies, antibody fragments 
or growth factors are being designed to selectively 
bind to tumour blood vessels and induce coagula- 
tion and/or endothelial cell death (Thorpe 2004). 
As for the low-molecular-weight VDAs, these 
compounds are designed to induce rapid tumour 
vascular shut-down, leading to extensive tumour 
cell necrosis. Radio-isotopes, cytotoxic drugs and 
tissue factor for inducing coagulation have been 
conjugated to antibodies as vascular damaging 
strategies. Tumour endothelial cell targets that 
are currently being investigated include endoglin, 
integrins and VEGF receptors. In addition, a pep- 
tide fragment of fibrinogen, termed alphastatin, 
has been shown to possess some tumour vascular 
disrupting properties (Staton et al. 2004). Methods 
for identifying unique signatures on the tumour 
vasculature, which have the potential as targets 
for vascular disruption, include powerful bio-in- 
formatic analyses of published data and compara- 
tive analysis of gene expression on endothelial cells 
isolated from tumours and corresponding normal 
tissue (Neri and Bicknell 2005). Several putative 
targets have been identified, including the vascu- 
lar developmental gene Robo4 and the tumour en- 
dothelial markers (TEMs). As well as developing 
armed peptides/antibodies to these targets, some 
of them may have a role in maintenance of tumour 
blood flow, with the potential for developing low- 
molecular-weight inhibitory VDAs. 
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Rapid Effects of VDAs 


Hypotheses for the mechanism of action of VDAs 
have to account for their very rapid effects, initiated 
within minutes of drug administration (Fig. 45.2). 
Drug-induced vascular endothelial cell death is too 
slow a process to account for these rapid changes. Ef- 
fective agents cause a prolonged period of vascular 
shut-down culminating in tumour cell death, mani- 
fested by extensive haemorrhagic tumour necrosis. 

For CA-4-P, rapid vascular shut-down in vivo is 
likely to be associated with the morphological and 
functional changes in the endothelial cytoskeleton 
that occur in endothelial cells in vitro within min- 
utes of exposure to this agent (Fig. 45.3; Kanthou and 
Tozer 2002). These include cell shape changes, as- 
sembly of actin stress fibres and actinomyosin con- 
tractility, formation of focal adhesions, disruption 
of cell-cell junctions, including those involving VE- 
cadherin, and an increase in monolayer permeabil- 
ity to macromolecules. In a subpopulation of cells, 
additional effects involve F-actin accumulation into 
surface blebs, with cells rounding up and stress fi- 
bres misassembling into a spherical band surround- 
ing the cytoplasm, accompanied by malformed focal 
adhesions. The trigger for these changes is disrup- 
tion of interphase microtubules following drug 
binding, which in turn leads to rapid cell signalling 
between the tubulin and actin cytoskeletons (Kan- 
thou and Tozer 2002). Preliminary studies suggest 
that DMXAA also affects the endothelial cytoskel- 
eton, resulting in a partial dissolution of actin fila- 
ments. However, unlike CA-4-P, the trigger does not 
appear to be disruption of interphase microtubules, 
which remain intact. 

In vivo, an immediate effect of CA-4-P is to in- 
crease tumour vascular permeability to macro- 
molecules, as calculated from the leakage kinetics 
of intravenously administered labeled dextrans 
(Fig. 45.4; see also Tozer et al. 2005). This is consis- 
tent with the in vitro data and may lead to a decrease 
in blood flow via a number of mechanisms. Firstly, 
protein leakage into the tumour interstitium dis- 
turbs the oncotic pressure differential between the 


813 


814 G.M. Tozer, C. Kanthou, D. J. Chaplin 


15 30 


blood flow rate (mleg1smin*) 


150 = 


50 


red cell velocity 
(% of pre-treatment value) 


-10 0 10 20 30 40 50 60 70 


time after CA-4-P administration 
(minutes) 


Fig. 45.2a-k. Rapid effect of a single moderate dose of CA-4-P on tumour blood flow rate in a rat sarcoma model. Times 
represent time after drug administration (10 mg/kg, approximately equivalent to the maximum tolerated dose in man). a-c 
Pseudo-colour images of blood flow rate computed from autoradiograms of 20-um frozen sections from excised P22 tumours 
(implanted subcutaneously) following intravenous administration of the blood flow marker, 14C-labelled iodo-antipyrine 
(see Tozer et al. 1999). d~f Morphological images obtained from haematoxylin and eosin-stained 3-um paraffin-embedded 
sections from a separate group of subcutaneous P22 tumours. Black arrow, congested vessel; grey arrow, haemorrhage; white 
arrows, coagulation. g Photograph of a tumour growing within a surgically implanted ‘window’ chamber for h-j intravital 
microscopy of tumour blood vessels. Arrow, haemorrhage; n, necrosis. Tumour is approximately 3 mm in diameter. k Red 
cell velocity measured in P22 tumours growing within window chambers 


inside and outside of blood vessels, which may, in 
turn, disturb the hydrostatic pressure differential, 
leading to vessel narrowing. There is also some evi- 
dence that loss of fluid as blood passes through the 
tumour tissue bed leads to an increased haemato- 
crit and consequently to increased blood viscosity 
and resistance to flow. If rounding up of tumour 
endothelial cells occurs in vivo, this could contrib- 
ute to early vascular shut-down via a direct increase 
in geometric resistance to flow, as could the direct 
vasoconstrictive effect on tumour-supplying arte- 
rioles reported for CA-4-P and AVE8062 (Hori and 
Saito 2003; Tozer et al. 2001). 

In addition to these primary effects, the organi- 
sation of tumour blood vessels, which generally 
contain numerous cross-links, leads to reduced ef- 
ficiency and in many cases can result in catastrophic 
regional failure as a response to decreased flow 
rates. As blood flow falls below a critical level, red 
cells stack together to form rouleaux, increasing vis- 
cous resistance to flow and leading to further blood 
stagnation. 


Signal Transduction Pathways 


45.4.1 
Vascular Permeability 


Investigations of the signalling events that control 
vascular permeability are critical for understand- 
ing the initial rapid collapse of tumour blood flow 
in vivo. The signalling processes in endothelial 
cells that control vascular permeability are highly 
complex, endothelial paracellular permeability de- 
pending on both the integrity of intercellular junc- 
tions and actinomyosin contractility. Following ex- 
posure to CA-4-P, microtubule disruption triggers 
GTPase Rho- and Rho kinase-dependent signal- 
ling pathways that lead to the increased actin po- 
lymerisation, stress fibre formation, actinomyosin 
contractility, focal adhesion assembly and redistri- 
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bution of junctional proteins described above. The 
importance of Rho and related proteins in the control 
of vascular permeability is well known, and the Rho 
inhibitor C3 exoenzyme or the Rho-kinase inhibi- 
tor Y-27632 attenuate both the development of these 
morphological changes in the actin cytoskeleton 
and CA-4-P-induced increase in endothelial mono- 
layer permeability to macromolecules, thus provid- 
ing a link between permeability and cytoskeletal 
remodelling (Kanthou and Tozer 2002). A further 
link is established from evidence that stabilisation 
of VE-cadherin / -catenin homophilic interactions 
in endothelial cells via gene transfer inhibits the 
CA-4-P-induced increase in monolayer permeability 
(Vincent et al. 2005). Exposure of NZM7 melanoma 
cells, cultured on Matrigel to induce expression of 
VE-cadherin, to DMXAA results in down-regula- 
tion of the VE-cadherin gene. Although this effect 
is not rapid enough to account for initial blood flow 
changes, it is further evidence for VE-cadherin be- 
ing a target for VDA treatment. Phosphorylation of 
myosin light chain (MLC) in endothelial cells medi- 
ates the actinomyosin contractility and formation of 
focal adhesions and occurs within minutes of CA-4- 
P exposure, probably via Rho-kinase acting directly 
as a novel endothelial MLC kinase enzyme (Kanthou 
and Tozer 2002). 

In addition to these pathways, CA-4-P rapidly ac- 
tivates stress-activated protein kinase-2/p38 (SAPK/ 
p38), which is associated with the blebbing morphol- 
ogy of endothelial cells exposed to CA-4-P that can 
contribute to breakdown of endothelial cell integrity 
(Kanthou and Tozer 2002). Currently, little is known 
about these signal transduction pathways in vivo 
or the influence of tumour microenvironmental 
factors. 


45.4.2 
Endothelial Cell Death 


Endothelial cell death is often erroneously considered 
to be a prerequisite for tumour vascular shut-down in 
vivo, even though it is too slow a process to account 
for the rapid vascular effects that characterise the 
lead VDA, CA-4-P. Nevertheless, extended exposure 
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Fig. 45.3a-f. Photomicrographs of human umbilical vein endothelial cells (HUVECs) with or without CA-4-P treatment 
(100 nM, 30 min) and diagrams indicating associated cytoskeletal and junctional changes. Microtubules consist of alpha 
and beta tubulin heterodimers, which assemble together to form insoluble polymeric cylindrical structures. Disassembly 
of microtubules into soluble tubulin heterodimers occurs very rapidly in response to CA-4-P (a, b): immunofluorescence 
staining of B-tubulin. Actin is a globular protein (G-actin), which undergoes polymerisation to form filamentous actin (F- 
actin). Actin remodelling occurs in response to microtubule disruption by CA-4-P, resulting in the formation of contractile 
actin stress fibers, bundles of cross-linked F-actin interacting with phosphorylated myosin (c, d): staining of F-actin with 
fluorescent phalloidin. Endothelial adherens junctions are specialised cell-cell junctions, consisting of VE-cadherin protein, 
which control adhesion and permeability. Adherens junctions are disrupted in response to CA-4-P (e, f): immunofluores- 


cence staining of VE-cadherin 


to CA-4-P is clearly toxic to endothelial cells in vitro 
and therefore, if drug exposures are sufficient, en- 
dothelia! cell death could contribute to the ultimate 
extent of vascular shut-down in vivo by preventing 
subsequent angiogenesis. For this reason, consider- 
able effort has been made to elucidate the CA-4-P- 
induced signalling pathways that lead to endothelial 
cell death. 

Extensive disruption of interphase microtubules 
in endothelial cells can lead to a rapid form of ne- 
crotic cell death, in which the blebbing morphology 
described above is an early manifestation (Kanthou 


and Tozer 2002). There is also evidence that disrup- 
tion of VE-cadherin junctions by CA-4-P is down- 
stream of a cell death pathway mediated by inhibition 
of PI3 K/Akt signalling (Vincent et al. 2005). However, 
mitotic spindles are at least as sensitive to CA-4-P as 
interphase microtubules, leading to anti-proliferative 
effects of the drug, which are linked to a cell death 
pathway (Kanthou et al. 2004). There is some confu- 
sion in the literature regarding the precise pathways 
involved here. However, most investigators agree that 
the primary cell death pathway in proliferating endo- 
thelial cells occurs via a caspase-independent mecha- 


nism, which is nevertheless linked to apoptosis and 
dependent upon mitotic arrest. That is, death occurs 
as cells attempt to leave mitosis, such that relatively 
long drug exposures of many hours are required for 
significant cells to accumulate in mitosis and subse- 
quently die. 


Susceptibility of the Tumour Vasculature 
to VDAs 


45.5.1 
Comparison with Normal Tissues 


Current VDAs produce a much greater blood 
flow reduction in tumours than in normal tissues 
(Tozer et al. 1999), and this forms the basis for their 
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acceptance into clinical trials. Many tumours are 
characterised by regions of necrosis and hypoxia, 
which suggests that the blood supply is barely ad- 
equate to support tumour growth. Indeed tumour 
blood flow is characteristically highly heteroge- 
neous, with blood in some vessels being practi- 
cally stationary and/or periodically reversing in 
flow direction. Morphologically too, tumour blood 
vessels appear fragile and susceptible to disrup- 
tion. Primarily, they are sinusoidal in appearance, 
with poor development of the vascular wall, often 
comprising of endothelial cells with poor cell-cell 
contacts and abnormal basement membrane. Mu- 
ral support cells, in the form of pericytes, may be 
present but often make only poor contact with the 
vessel. Interestingly, in the rat, the normal spleen 
is relatively susceptible to blood flow reduction in- 
duced by CA-4-P, and this may be related to the 
sinusoidal nature of splenic blood vessels. 

The precise reasons for tumour susceptibility 
to tubulin-binding agents such as CA-4-P remain 


CA-4-P 


Fig. 45.4. CA-4-P (30 mg/kg) increases the leakage rate of 40-kDa dextran labelled with fluorescein isothiocyanate (FITC) from 


the bloodstream into tumour tissue. P22 rat sarcomas were grown in window chambers as shown in Fig. 45.2 and imaged at 
various times (as indicated) after intravenous administration of FITC-dextran with or without CA-4-P, 3D images, with no 


out-of-focus fluorescence, were obtained using multi-photon fluorescence microscopy (see Tozer et al. 2005). Each column 
represents images from a single tumour. Images courtesy of Dr Carlos Reyes-Aldosoro, University of Sheffield, UK 
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unclear. The relatively high endothelial prolifera- 
tion rate in tumours is often cited as the crucial fac- 
tor in tumour blood vessel sensitivity, but this is not 
as obvious as it might appear. Clearly, proliferating 
endothelial cells would be susceptible to cytotoxic 
effects of the drug, which we have seen are primar- 
ily dependent on cells entering mitosis. However, it 
is unclear how proliferative status would impact on 
the rapid blood flow shut-down that occurs in tu- 
mours but not in normal tissues and is the hallmark 
of vascular disrupting agents. 

Other factors that may influence endothelial re- 
sponse to tubulin-binding agents, such as CA-4-P, 
include differential expression of tubulin isotypes, 
tubulin mutations, post-translational modifica- 
tions of tubulin and types of microtubule-associ- 
ated proteins (MAPs). These processes may well be 
influenced by the tumour microenvironment and 
contribute to tumour susceptibility to tubulin- 
binding agents. A recent study demonstrated differ- 
ential expression of tubulin isotypes in several tu- 
mour cell lines cloned for their different degrees of 
resistance to CA-4-P (Wehbe et al. 2005). However, 
such variations within the tubulin cytoskeleton are 
unlikely to explain the susceptibility of the tumour 
vasculature to other VDAs such as DMXAA. 

As we have seen, CA-4-P disrupts the integrity of 
endothelial cell junctions, especially those involv- 
ing VE-cadherin. Furthermore, stabilisation of VE- 
cadherin interactions can prevent CA-4-P-induced 
increases in endothelial monolayer permeability in 
vitro. Endothelial cell-cell contacts are often poor 
in tumour blood vessels, suggesting the possibility 
that these may be further disrupted by VDAs more 
easily than the more organised junctions in normal 
tissues. A combination treatment of CA-4-P and a 
neutralising antibody to VE-cadherin in an animal 
tumour model produced better tumour growth re- 
tarding effects than either agent alone (Vincent et 
al. 2005), although it remains to be seen whether 
this is a synergistic effect or simply an additive 
one. 

Other possible explanations for tumour blood 
vessel susceptibility to VDAs at the endothelial cell 
level focus on the tumour microenvironment and 
its influence on the cell signalling events described 


above. The most well known feature of the tumour 
microenvironment, severe hypoxia combined with 
hypoglycaemia, can induce endothelial monolayer 
permeability in vitro, linked to stimulation of vari- 
ous signalling pathways such as those involving 
protein kinase C (PKC), cGMP-dependent protein 
kinase (PKG) and p38. However, the interaction 
with VDAs is unknown. 

The sensitivity of the tumour vasculature to 
VDAs may reside not at the level of the initial dam- 
aging insult but at the level of the response of the 
tissue to that insult (or a combination of the two). 
Factors such as heterogeneous blood flow rates, 
high vascular permeability and high interstitial 
fluid pressure are obvious candidates for exacerbat- 
ing the initial vascular damaging effect. In tumour 
regions, where blood flow is already low, a further 
VDA-induced decrease in flow may have more dra- 
matic effects than in normal tissues, partly because 
of the rapid rise in blood viscosity that occurs at 
very low flow rates. An increase in vascular perme- 
ability may also be catastrophic in a tumour, where 
the permeability and interstitial fluid pressure are 
already high. The maturity of the vascular wall, in 
terms of factors such as investment with pericytes, 
has an influence on vascular permeability. In addi- 
tion, the presence of pericytes may confer stability 
in response to a damaging insult. There is some evi- 
dence that both pre-treatment vascular permeabil- 
ity and the maturity of blood vessel walls influence 
the tumour vascular response to CA-4-P in animal 
models. 

Pharmacokinetics can also exacerbate the differ- 
ence in the final damage inflicted on tumour ver- 
sus normal tissue vasculature. Exposure to drug is 
undoubtedly higher in tumours than it is in nor- 
mal tissues because of self-trapping as blood flow 
decreases and potential differences in phosphatase 
activity between tumour and normal tissue endo- 
thelial cells (Tozer et al. 1999). 

Progress is now being made to elucidate the fac- 
tors predicting blood vessel susceptibility to VDAs. 
This will enable selection of appropriate patients 
for current VDA treatment and open up new av- 
enues for research into novel ways of targeting the 
established tumour vasculature. 


45.5.2 
Intratumoral Heterogeneity 


A characteristic of all VDAs that have been tested 
in animal models is that they are more effective in 
the tumour centre than in the tumour periphery, 
initially in terms of the primary blood flow reduc- 
tion achieved and consequently in terms of the ex- 
tent of tumour necrosis (Fig. 45.5). This may also be 
the case in human tumours (Galbraith et al. 2003). 
The extent of VDA-induced tumour necrosis is dose 
dependent, and it has proved exceptionally difficult 
to eliminate tumour cells in the most peripheral 
tumour rim, such that at doses approaching the 
maximun tolerated, a viable tumour rim, a few cells 
wide, persists to re-populate the tumour after VDA 
treatment. This characteristic accounts for the fact 
that most VDAs given as single agents, produce only 
moderate effects on tumour growth; they need to be 
administered in combination with an appropriate 
second treatment to be effective. 

The cause of the resistant tumour rim is intrigu- 
ing. Although it is tempting to speculate that tumour 
cells residing in the tumour periphery acquire oxy- 
gen and nutrients from the surrounding undamaged 
normal tissue, thus surviving VDA treatment, this 
does not explain why blood flow is less compromised 
in these peripheral regions in the first place. Two 
important factors are likely to be interstitial fluid 
pressure and the vascular architecture in the two 
regions. Interstitial fluid pressure rises precipitously 
from the tumour periphery to the tumour centre, 
such that an increase in vascular permeability at 
the tumour centre may be catastrophic, whereas it 
is tolerated at the periphery. Small-calibre vessels 
are also more sensitive to shut-down than larger 
ones, and the proportion of these is often far higher 
at the centre than at the periphery. A complex vas- 
cular plexus often exists at the tumour periphery, 
compared with a rarefaction of the vascular bed at 
the tumour centre, so that in the event of extensive 
vascular damage, a residual flow is likely to persist 
at the periphery rather than at the centre. Indeed, 
this situation is often directly observed using micro- 
scopical techniques. 
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Fig. 45.5a—c. Tumour regrowth from the periphery, which 
is resistant to VDA treatment. Histological sections (stained 
with haematoxylin and eosin) from mouse mammary carci- 
noma (CaNT). a Control, untreated tumour; b, c24hand72h, 
respectively, after a single 100-mg/kg intraperitoneal dose of 
CA-4-P. V, viable tissue; N, necrotic tissue. Scale bars 200 um. 
Images courtesy of Dr Sally Hill, Gray Cancer Institute 
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Prolonged Effects of VDAs 


Following initial vascular shut-down, a whole series 
of events contribute to determining the duration of 
the shut-down and the amount of induced tumour 
cell necrosis. These include platelet activation, coag- 
ulation, haemorrhage, leukocyte-endothelial inter- 
actions, and rheological and anti-angiogenic effects. 
The induction of tumour haemorrhagic necrosis re- 
quires sustained inhibition of blood flow and this 
may be achieved in a number of ways. 


45.6.1 
Influence of Blood Cells 


CA-4-P is active in tumours perfused ex vivo, with 
a saline-based perfusate, supporting the view that 
the primary event in vascular shut-down is a direct 
effect on the tumour vasculature (Tozer et al. 1999). 
However, a much larger vascular effect occurs in tu- 
mours under in vivo conditions, implicating an ad- 
ditional role for blood cells and/or systemic effects. 
In normal tissue inflammation, neutrophil adhesion 
to the endothelium, with subsequent generation of 
damaging oxidising species via the action of neu- 
trophilic myeloperoxidase (MPO), causes vascular 
damage. Following treatment with CA-4-P, there is 
an up-regulation of adhesion molecules such as E- 
selectin on the surface of endothelial cells in vitro 
and an influx of neutrophils into tumours treated in 
vivo, which are likely to contribute to the vascular 
damaging and cytotoxic effects of the drug. Other 
immune effector cells such as macrophages are also 
found in tumours treated with VDAs but their influ- 
ence on treatment outcome is unknown. 

These considerations imply that there is not a 
simple relationship between extent and time course 
of blood flow reduction and tumour cell death, al- 
though several hours of tumour blood flow shut- 
down are clearly required to ensure significant 
tumour cell death. Tumour cell necrosis is not un- 
equivocally demonstrable in histological sections 
until approximately 24h after VDA treatment, so 


this time point is often chosen to determine efficacy 
of treatment. 

Blood coagulation is normally evident in tumour 
blood vessels, within 1 h of VDA treatment, presum- 
ably consequent to endothelial cell damage. This 
clearly increases the viscous resistance to blood flow, 
completely blocking some vessels and extending the 
period of blood flow shut-down. However, anti-co- 
agulants did not affect the initial vascular response 
of rodent tumours to AVE8062 (Nihei et al. 1999), 
consistent with the view that coagulation is not the 
initiating event in tumour vascular shut-down with 
combretastatins. 

FAA, DMXAA, CA-4-P, colchicine and vinblas- 
tine all cause a rise in plasma levels of the princi- 
pal hepatic metabolite of serotonin, 5-HIAA (5-hy- 
droxyindole acetic acid), presumably as a result of 
platelet activation (Baguley et al. 1997 and personal 
communication). Serotonin is itself a vascular dis- 
rupting drug, acting through G-protein-coupled re- 
ceptors to induce actin stress fibre formation, and it 
may therefore contribute to the net tumour vascular 
effects of all these agents. 


45.6.2 
Vascular Remodelling After VDA Treatment 


Angiogenesis is dependent upon a functional cyto- 
skeleton for both endothelial cell division and mi- 
gration and is therefore susceptible to inhibition by 
tubulin-binding agents such as CA-4-P. Indeed, CA- 
4-P has been shown to inhibit migration and three- 
dimensional tube formation of endothelial cells in 
vitro (Ahmed et al. 2003), as well as endothelial cell 
proliferation. Since the primary mode of endothe- 
lial cell death following CA-4-P is linked to mitosis 
(see above), relatively long drug exposure times are 
required for cytotoxicity to be manifested, in order 
for a significant numbers of cells to enter mitosis 
and attempt to divide before dying. Clearance of 
the drug in vivo is rapid, making the importance 
of these effects in vivo unclear. The appearance 
of apoptotic and disintegrating tumour endothe- 
lial cells in solid tumours several hours after CA- 
4-P treatment may be a secondary effect of dying 


tumour cells (from blood flow shut-down) rather 
than a primary effect of the drug in question. How- 
ever, there is some evidence for an anti-angiogenic 
effect of multiple doses of CA-4-P in a rat rhabdo- 
myosarcoma (Ahmed et al, 2003) and prevention of 
neovascularisation could also explain the increased 
efficacy of CA-4-P when given as a split-dose regime 
compared with the equivalent single dose (Hill et al. 
2002). The influence of macrophage infiltration on 
these processes is unknown, but since these cells 
are known to be a primary source of angiogenic 
growth factors in tumours, their presence may well 
influence the kinetics of re-vascularisation follow- 
ing VDA treatment. 

Unlike CA-4-P, the newer compound, CA-1-P 
(Oxi4503), was found to induce endothelial apop- 
tosis by 1 h after treatment, in a hemangioendothe- 
lioma model (Sheng et al. 2004). This may relate to 
the formation of a particularly reactive metabolite 
following in vivo administration of CA-1-P but not 
CA-4-P (Kirwan et al. 2004). Similarly, DMXAA, in 
large single doses, can induce apoptosis in tumour 
endothelium within 30 min of treatment and inhibit 
angiogenesis induced by basic fibroblast growth fac- 
tor (bFGF) in an in vivo model system. Despite this 
evidence that DMXAA can act as an anti-angiogenic 
agent, repeated dosing of lower drug concentrations 
or constant infusion over several days had no effect 
on tumour growth in an animal model (Zhao et al. 
2003), suggesting that a high drug concentration 
is required to have any significant anti-angiogenic 
effect. 


e 
45.6.3 
Cytokine Induction 


DMXAA causes intratumoral increases in the ac- 
tivity of tumour necrosis factor alpha (TNF) (Ching 
et al. 1999). An initial hypothesis for the effect of 
FAA was that it was mediated by TNF induction, 
but data on the time course of tumour blood flow 
effects, as well as studies with knockout mice, were 
not consistent with this theory. TNF acts as a vas- 
cular disrupting agentin its own right (Kallinowski 
et al. 1989), and like many other vasoactive agents 
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modifies the actin cytoskeleton and permeability 
through the Rho/Rac pathway. Cytokine induction 
is therefore likely to influence the extent of vascular 
shut-down but not act as the primary stimulus. 


45.6.4 
Direct Effects on Tumour Cells 


In vitro studies have shown that, amongst normal 
cells, endothelial cells are particularly sensitive to 
CA-4-P. However, despite categorisation of CA-4- 
P and similar compounds as VDAs, the effects of 
these tubulin-binding drugs are not specific for 
endothelial cells. In particular, highly proliferative 
tumour cells are very susceptible to the anti-prolif- 
erative and cytotoxic actions of the drug, mediated 
by damage to the mitotic spindle. Indeed, in terms 
of the anti-proliferative action of CA-4-P, in vitro 
studies have shown that some tumour cell types 
are more sensitive to the drug than endothelial 
cells (Ahmed et al. 2003). Therefore, direct tumour 
cell toxicity may influence the final outcome of 
vascular targeted therapy. However, the extent to 
which direct tumour cell death contributes to the 
anti-tumour activity of CA-4-P and similar agents 
in vivo is likely to depend on tumour type, the 
specific agent used and dose/scheduling consider- 
ations. In particular, as for endothelial cells, long 
drug exposures are required to sustain mitotic 
arrest and induce cell death. For CA-4-P, which 
has a short plasma half-life, this is likely to be 
obtainable only with a repeated dosing schedule. 
The vascular versus direct effects of AVE8062 were 
investigated by comparing the growth response of 
tumours grown from wild-type c26 colon adeno- 
carcinoma cells with that of tumours grown from 
counterpart c26/acr cells, which were cloned in vi- 
tro for their resistance to tubulin-binding agents 
(Nihei et al. 1999). Results showed similar growth 
responses to AVE8062 for the two cell types, sug- 
gesting that it was the vascular effects that dictated 
overall response. In summary, the combretastatins 
are clearly toxic to tumour cells if exposed for long 
enough, but this may not be achieved in clinically 
relevant dosing regimens. 
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Therapeutic Potential 


Vascular disrupting agents administered as single 
agents produce only moderate growth retardation in 
animal tumours and human tumours xenografted 
into mice, due to rapid regrowth from the surviving 
tumour rim. However, well-tolerated doses of VDAs 
in mice can cause death of over 90% of tumour cells, 
encouraging the combination with a second treat- 
ment modality. Combined efficacy can be achieved 
if the two treatments provide spatial co-operation, 
independent toxicities or potentiation. 

Spatial co-operation could be achieved by com- 
bining VDA treatment with a modality that targets 
the tumour periphery. Conventional chemothera- 
peutic agents and radiation are effective against 
highly proliferating and well-oxygenated cells, 
which are most evident in the periphery of tumours. 
In addition, blood flow tends to be more effective 
at the periphery, allowing ready access for blood- 
borne anti-cancer agents. The rationale for combin- 
ing VDAs with conventional treatments is therefore 
apparent, and pre-clinical studies have indicated a 
benefit of combining CA-4-P, ZD6126 and DMXAA 
with radiotherapy and a range of chemotherapeu- 
tic agents, most notably the platinum drugs and 
taxanes (Fig. 45.6; see also Siemann and Horsman 
2002; Siemann et al. 2002). There is some evidence 
that these improvements in tumour response can be 
achieved without any increased toxicity, therefore 
providing a true increase in therapeutic ratio. Novel 
biological anti-cancer agents, such as antibodies 
with potent binding characteristics, are often found 
to localise in the tumour periphery, with very little 
penetration into the tumour centre, resulting in 
poor efficacy. This is most likely a consequence of 
both poor delivery (low blood flow) and poor con- 
vective extravasation (high interstitial fluid pres- 
sure) at the centre of tumours. Spatial co-operation 
of high-molecular-weight biologicals with VDAs 
has been found for the combination of radio-immu- 
notherapy and CA-4-P or DMXAA in pre-clinical 
studies (Pedley et al. 2002), and this is now being 
tested in clinical trials. 


Scheduling is an important issue in combination 
treatments. In view of the tumour vascular shut- 
down following VDA treatment, it is advisable to 
avoid giving radiotherapy or chemotherapy shortly 
after VDA administration, when blood flow to tu- 
mour regions destined to survive the treatment is 
reduced. These areas will be hypoxic (and therefore 
radio-resistant) and will be poorly accessible for 
blood-borne chemotherapeutic agents. These con- 
siderations have been generally borne out by pre- 
clinical studies. 

VDA-induced reduction in tumour blood flow can 
be exploited to ‘trap’ chemotherapeutic drugs in tu- 
mour tissue, thus providing potentiation of the drug 
effect. In most studies, it is difficult to separate this 
effect from any spatial co-operation or direct inter- 
action of a VDA with a second agent. However, at 
least in one case (the combination of 5-fluorouracil 
with CA-4-P), effective tumour growth retardation 
has been achieved by a combined treatment, in the 
absence of any corresponding increase in tumour 
levels (trapping) of the drug (Grosios et al. 2000). In 
radiotherapy, damage to the tumour vasculature is 
increasingly recognised as being influential in de- 
termining tumour cell survival, but the interaction 
of radiation with current V DAs at the cellular level is 
unknown. There is some evidence that CA-4-P and 
ZD6126 have a major impact on the radiation-resis- 
tant hypoxic cell population, but the mechanism be- 
hind this effect requires further investigation. 

The extensive ischaemic insult to tumours fol- 
lowing VDA treatment results in extensive tumour 
cell hypoxia even in the surviving tumour rim 
(El-Emir et al. 2005). This raises the possibility of 
hypoxia-induced angiogenesis, with the concern 
that re-growing tumours will be particularly ag- 
gressive. An increase in expression of both VEGF 
and bFGF proteins in xenografted tumours follow- 
ing CA-4-P and CA-1-P treatment has been reported. 
These considerations led to investigations of the 
combination of VDAs with anti-angiogenic agents. 
In a pre-clinical study, the combination of ZD6126 
with the VEGF receptor tyrosine kinase inhibitor, 
ZD6474, showed good enhancement in terms of tu- 
mour response (Siemann and Shi 2004). Similarly, 
administration of an anti-VEGF antibody 24 h prior 
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Fig. 45.6a,b. Effects of combining 100 mg/kg CA-4-P with a cisplatin and b radiation in the KHT sarcoma grown in C3H 
mice. Response was measured by clonogenic assay of tumour cells. CA-4-P was administered intraperitoneally, | h after 
drug or radiation treatment. Figures adapted, with permission, from Siemann et al. (2002) and Li et al. (1998) 


to administration of either CA-4-P or CA-1-P mark- 
edly enhanced anti-tumour activity in an animal 
model (Shaked et al. 2006). CA-4-P also increased 
the surviving tumour cell expression of the glucose- 
regulated protein GRP78 (Dong et al. 2005). GRP78 
is an endoplasmic reticulum-associated chaperone 
molecule which is inducible by severe glucose deple- 
tion, anoxia, and acidosis and is associated with 
drug resistance. This important finding illustrates 
the fact that the response of tumour cells to VDAs 
can have a major influence on treatment outcome 
and points to the potential impact of VDA treatment 
on development of drug resistance, which will re- 
quire addressing in the future. 

On the other hand, it may be possible to exploit the 
VDA-induced tumour ischaemia by combining VDA 
treatment with the so-called bioreductive drugs, 


which are activated under hypoxic conditions, or 
with other hypoxia-targeting strategies. In the case 
of bioreductive drugs, oxygen protects a pro-drug 
against reduction by reacting with an intermediate 
(usually a short-lived free radical) in its catabolism 
by cellular enzymes and thus restoring the drug to 
its original (pro-drug) form. In the absence of oxy- 
gen, the intermediate is reduced to an active form 
or the reduction process triggers release of an active 
effector molecule. An example is the combination of 
DMXAA with tirapazamine (Lash et al. 1998). 
Recent innovations in drug delivery systems may 
impact on vascular targeting. Blood flow reductions 
in tumour regions that are destined to survive the 
treatment are a concern in terms of subsequent drug 
delivery, as well as acting as a stimulus for expres- 
sion of growth-enhancing genes. The development 
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of nanoparticles that consist of a core and a pe- 
gylated-lipid envelope, for timed release of two dif- 
ferent drugs, has been described as one approach to 
tackling this problem (Sengupta et al. 2005). In this 
case, vascular shut-down is instigated by release of 
CA-4 from the outer envelope and this is followed, 
once the nanoparticles are preferentially trapped in 
the tumour tissue, by release of a chemotherapeutic 
drug, doxorubicin, from the core. Another approach 
exploits CA-4 encapsulated in liposomes that incor- 
porate specific peptide sequences on their surface 
for preferential targeting of irradiated tumour blood 
vessels via alphavbeta3 integrin (Pattillo et al. 2005). 
In this way, it is hoped to increase the selectivity of 
CA-4 to the tumour vasculature when used in com- 
bination with radiotherapy. 


Clinical Trials 


45.8.1 
Microtubule Depolymerising Agents 


Three phase I clinical trials with CA-4-P have been 
completed. These trials explored the safety and 
pharmacokinetics (PK) of three different intrave- 
nous (i.v.) administration schedules of CA-4-P as a 
single agent (i.e. single dose every 21 days, weekly 
for three consecutive weeks every 28 days and daily 
for five consecutive days every 21 days). The results 
from all the phase I trials have recently been re- 
viewed (Young and Chaplin 2004). Doses as high 
as 114 mg/m? (weekly schedule) have been studied. 
Dose-limiting toxicities (DLTs) have been identified 
in all three trials, resulting in a maximum tolerated 
dose (MTD) in the range of 60-68 mg/m?. DLTs have 
included dyspnoea, myocardial ischaemia, revers- 
ible neurological events and tumour pain. In general, 
across all three studies, the most frequently reported 
adverse events after a single intravenous injection of 
CA-4-P were mild (grade 1 or 2) nausea, vomiting, 
headache, fatigue and tumour pain. CA-4-P did not 


produce significant clinical chemistry or haemato- 
logic toxicity associated with other commonly used 
tubulin-binding agents such as the vinca alkaloids 
and taxanes, as well as colchicine. The other com- 
mon toxicities associated with traditional cytotoxic 
drugs, such as stomatitis and alopecia, were not re- 
ported in these clinical trials. 

In order to establish whether CA-4-P was reduc- 
ing tumour blood flow, all three studies incorporated 
measurement of tissue uptake of i.v.-administered 
contrast agents, either using dynamic contrast-en- 
hanced magnetic resonance imaging (DCE-MRI; 
Fig. 45.7) or positron emission tomography (PET). 
Gadolinium diethylenetriaminepentaacetate (Gd- 
DTPA) was used as the contrast agent for DCE-MRI 
and !5Q-labelled water (H,'°O) as the tracer for PET. 
Significant reductions in tumour uptake kinetics, 
consistent with tumour blood flow reduction, were 
observed in the majority of patients receiving doses 
at or above 52 mg/m? (Young and Chaplin 2004). 
Very few patients were evaluated for blood flow 
changes below this dose. Although patients receiv- 
ing 10 mg/m? or less had no discernable blood flow 
changes detected using PET, low numbers of pa- 
tients meant that it was not possible to establish a 
clear dose response between 10 and 52 mg/m’. Re- 
cent PET studies have indicated significant tumour 
blood flow reductions at doses down to 30 mg/m’. 
The blood flow changes seen in the tumour tissue 
appear to be selective, with no change in normal 
muscle perfusion being seen. 

In terms of tumour response in the phase I stud- 
ies, a complete response was seen in an anaplastic 
thyroid cancer and a partial response in a sarcoma. 
In addition, several minor responses in kidney and 
pancreas were observed as well as prolonged (>12 
months) disease stabilisation in three patients, one 
with colon cancer and two with medullary thyroid 
cancer (Young and Chaplin 2004). 

Based on the phase I data, several phase I/II clini- 
cal trials, in which CA-4-P is combined with chemo- 
therapy, radiotherapy, anti-VEGF or antibody-based 
therapeutics, have been initiated. In these studies, 
dosing is expressed as the amount of free acid dosed 
rather than the sodium salt, as was used in the phase 
I single agent studies. These studies are currently us- 


ing CA-4-P at doses of the free acid of 27-72 mg/m’. 
These doses equate to 30-80 mg/m? of the sodium 
salt, which are known from the phase I studies to 
elicit vascular damaging activity. 

Three phase I clinical trials with ZD6126, using 
similar dosing regimes to those used with CA-4- 
P, were recently completed. The results for weekly 
dosing have been published (Beerepoot et al. 2006). 
Dose-limiting toxicities at 28 mg/m? were hypoxia 
caused by pulmonary embolism and an asymptom- 
atic decrease in left ventricular ejection fraction. No 
tumour responses were observed. Although the full 
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Fig. 45.7. DCE-MRI of a 
patient with a leiomyo- 
sarcoma treated with 
CA-4-P at 88 mg/m’. 
The scale with each im- 
age represents K''*"* in 
ml/ml/min, a parameter 
reflecting tissue uptake 
of the MR contrast 
agent, Gd-DTPA. K'™"5 
parametric maps are 
overlaid on transverse 
T1-weighted images. 
Results show decrease in 
K'*"S within the tumour 
at differediint times fol- 
lowing CA-4-P treatment. 
Bottom: T2-weighted ana- 
tomical image. Figure, 
with permission, from 
Galbraith et al (2003) 
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results have not yet been published, some data have 
been reported as conference proceedings (Beerepoot 
et al. 2006). In the once every 21 days dosing regime, 
a maximum dose of 112 mg/m? was reached. The 
most common adverse events were pain, constipa- 
tion, fatigue and dyspnoea. Dose escalation above 
112 mg/m? was not pursued because of a variety of 
adverse events at this dose, including abdominal 
pain and hypertension. No tumour responses were 
reported. However, blood flow data, using DCE- 
MRI, established that at doses of 80 mg/m? and 
higher, ZD6126 treatment caused a 36-72% decrease 
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in tumour blood flow in all patients studied, whilst 
no significant changes in muscle or spleen flow were 
observed (Evelhoch et al. 2004). 

A summary of the ongoing clinical trials with 
AVE8062 has been reported as conference proceed- 
ings (Sessa et al. 2003). In the daily for 5 days and 
weekly dosing studies, the occurrence of four poten- 
tially drug-related vascular events (i.e. myocardial 
ischaemia, transient asymptomatic hypotension, 
transient cerebral ischaemia, and asymptomatic 
ventricular tachycardia, without residual clinical 
deficits) led to voluntary interruption of all trials. 
No vascular event was observed in the q21d schedule 
up to a 22 mg/m2 dose; thus, this trial was resumed 
after restricting eligibility criteria and increasing 
cardiovascular monitoring. No cardiac effects or 
tumour blood flow changes have been observed to 
date using this protocol. 

There has been considerable focus on potential 
cardiovascular side effects of the tubulin-binding 
VDAs, based around their known vascular mecha- 
nism of action and the events seen in phase I, partic- 
ularly with the recent data on AVE8062. Most work 
to elucidate the cardiovascular issues has been car- 
ried out with CA-4-P, In the reported phase I stud- 
ies of CA-4-P, three cases of reversible myocardial 
effects were reported and these contributed to the 
establishment of the current MTD. In these patients, 
hypertension was evident prior to the myocardial 
effects occurring. As noted previously, microtubule 
depolymerising agents as a class can, in addition to 
their direct effects on endothelial cell morphology, 
induce arteriolar vasoconstriction. This presumably 
occurs via a direct effect on vascular smooth muscle 
cells, since it occurs even in endothelial cell denuded 
vessels (Platts et al. 1999). Also, it has been estab- 
lished that concomitant use of vasodilators with 
CA-4-P in rats can eliminate the hypertensive effect 
without altering the blood flow shut-down effects in 
the tumour (Honess et al. 2002), strongly suggesting 
that arteriolar vasoconstriction is not the primary 
mechanism of action for this agent. If, as is now be- 
lieved, the vasoconstrictive actions of CA-4-P con- 
tribute to the DLTs, including cardiovascular ones, 
there is a possibility that the prophylactic use of 
vasodilators may not only alter its toxicity profile 


but also enable higher dose levels to be attained. 
This approach requires evaluation in a clinical set- 
ting. However, using the doses of CA-4-P chosen 
for phase I/II, cardiovascular effects, in terms of 
changes in blood pressure and heart rate, have been 
mild and reversible. 


45.8.2 
DMXAA 


DMXAA entered clinical trials in 1996 and was 
administered as a 20-min intravenous infusion, 
in doses ranging from 6 to 4900 mg/m? (Jameson 
et al. 2003). Toxicities observed included tremor, 
confusion, slurred speech, anxiety, and urinary in- 
continence. Also, transient prolongation of cardiac 
QTc interval was seen in some of the patients who 
received doses at or above 2000 mg/m?. 

In terms of direct response, only two unconfirmed 
partial responses were observed, at doses of 1100 and 
1300 mg/m”. However, in terms of biological activ- 
ity, over the dose range of 500-4900 mg/m’, 9 of 16 
patients had significant reductions in tumour blood 
flow, as measured by DCE-MRI, 24h after the first 
dose of DMXAA (Galbraith et al. 2002). In addition, 
dose-dependent increases in the serotonin metabo- 
lite 5-hydroxyindoleacetic acid, a potential marker 
of vascular disruption with DMXAA in the mouse 
studies, were observed at doses exceeding 650 mg/ 
m2. These latter two findings indicate that DMXAA 
can act as a VDA in man at clinically achievable 
doses. Based on these findings, together with recent 
data showing no significant QTc changes at doses up 
to 1200 mg/m2, three phase II studies have been ini- 
tiated in prostate, ovarian and non-small-cell lung 
cancer, where DMXAA is incorporated into taxane- 
based chemotherapy regimes. 


45.8.3 
N-Cadherin Antagonists 


Data from the first phase I study of the N-cadherin 
antagonist ADH-1 (Exherin) have recently been 
reported (Jonker et al. 2005). Thirty-three patients 


were treated. ADH-1 was administered as a bolus iv. 
injection, doses from 50 to 840 mg/m? were evalu- 
ated and tumours characterised for their expression 
of N-cadherin. No responses or changes in blood flow 
were reported in patients with N-cadherin-negative 
tumours. Three patients with N-cadherin-positive 
tumours showed some evidence of antitumour ac- 
tivity, including a partial response in an oesophageal 
cancer. Although the MTD had not been reached, the 
most common adverse events at the doses used were 
nausea, fatigue and hot flushes. Some cardiovascu- 
lar effects were seen but were thought to be related, 
at least in part, to prior cardiac history and injection 
rate. Based on the phase I data, a phase II trial has 
been initiated, focused on patients with N-cadherin 
positive tumours. 
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Tumor angiogenesis is one of the most promi- 
nent mechanisms driving tumor development 
and progression. Since its discovery more 

than 30 years ago some of the most important 
signaling pathways linking specific angiogenic 
activities of the tumor cells to the fatal reac- 
tions of the patient’s vascular system have been 
elucidated. As a consequence crucial targets for 
therapeutic intervention have been identified 
and validated. 


Based on these efforts and achievements, tar- 
geted drug development programs have been 
implemented to interfere with tumor angiogen- 
esis as an attractive strategy in cancer treatment. 
As a promising result the first targeted anti-angio- 
genic drugs have been approved for a variety of 
solid metastasizing cancers. The first generation 
of these molecules targets the two most promi- 
nent regulatory components of tumor angio- 
genesis: the vascular endothelial growth factor 
(VEGF), produced by tumor cells, and the VEGF 
receptor tyrosine kinase, which is expressed on 
vascular endothelial cells. 


Part 1 of this volume describes the basic 
mechanisms of tumor angiogenesis. Beyond 
the VEGE/VEGF receptor system, additional 
tumor-angiogenic systems are presented as new 
potential targets for anti-angiogenic therapy. 
Part 2 reviews the efforts made in preclinical 
research to validate new targets and to show 
efficacy in animals. Part 3 is entirely devoted 
to the clinical development of the novel anti- 
angiogenic drugs and their current use in 
clinical practice. 
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